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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a na-
tional center of excellence in advanced technology applications that is dedicated to the
reduction of earthquake losses nationwide. Headquartered at the University at Buffalo,
State University of New York, the Center was originally established by the National Sci-
ence Foundation in 1986, as the National Center for Earthquake Engineering Research
(NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions
throughout the United States, the Center’s mission is to reduce earthquake losses
through research and the application of advanced technologies that improve engineer-
ing, pre-earthquake planning and post-earthquake recovery strategies. Toward this
end, the Center coordinates a nationwide program of multidisciplinary team research,
education and outreach activities.

MCEER’sresearch is conducted under the sponsorship of two major federal agencies, the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA),
and the State of New York. Significant support is also derived from the Federal Emer-
gency Management Agency (FEMA), other state governments, academic institutions,
foreign governments and private industry.

The Center’s Highway Project develops improved seismic design, evaluation, and
retrofit methodologies and strategies for new and existing bridges and other highway
structures, and for assessing the seismic performance of highway systems. The FHWA
has sponsored three major contracts with MCEER under the Highway Project, two of
which were initiated in 1992 and the third in 1998.

Of the two 1992 studies, one performed a series of tasks intended to improve seismic
design practices for new highway bridges, tunnels, and retaining structures (MCEER
Project 112). The other study focused on methodologies and approaches for assessing
and improving the seismic performance of existing “typical” highway bridges and other
highway system components including tunnels, retaining structures, slopes, culverts,
and pavements (MCEER Project 106). These studies were conducted to:

* assess the seismic vulnerability of highway systems, structures, and components;

e develop concepts for retrofitting vulnerable highway structures and components;

e developimproved designand analysis methodologies for bridges, tunnels, and retain-
ing structures, which include consideration of soil-structure interaction mechanisms
and their influence on structural response; and

* develop,update, and recommend improved seismic design and performance criteria
for new highway systems and structures.
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The 1998 study, “Seismic Vulnerability of the Highway System” (FHWA Contract
DTFH61-98-C-00094; known as MCEER Project 094), was initiated with the objective
of performing studies to improve the seismic performance of bridge types not covered
under Projects 106 or 112, and to provide extensions to system performance assessments
for highway systems. Specific subjects covered under Project 094 include:

* development of formal loss estimation technologies and methodologies for highway
systems;

e analysis, design, detailing, and retrofitting technologies for special bridges, in-
cluding those with flexible superstructures (e.g., trusses), those supported by steel
tower substructures, and cable-supported bridges (e.g., suspension and cable-stayed
bridges);

* seismic response modification device technologies (e.g., hysteretic dampers, isola-
tion bearings); and

* soil behavior, foundation behavior, and ground motion studies for large bridges.

In addition, Project 094 includes a series of special studies, addressing topics that range
from non-destructive assessment of retrofitted bridge components to supporting studies
intended to assist in educating the bridge engineering profession on the implementation
of new seismic design and retrofitting strategies.

This reports presents the results of an analytical and experimental study on a seismic design
(or retrofit) strategy that allows uplift and rocking of steel truss piers on their foundation. Dis-
placement-based steel yielding devices and velocity-dependant viscous dampers, installed at the
uplifting location, were used to control system response. The behavior of 2- and 4-legged bridge
steel truss piers was considered. Methods to predict their response under multiple components of
seismic excitation were evaluated using nonlinear, inelastic time history analyses. The analytical
investigation included ground motions typical of far-field rock sites and near-field ground mo-
tions with pulse-type characteristics. Also, the response of 4-legged piers that resist transverse
and longitudinal demands in bridges was investigated with three components of ground motion.
Experimental investigations included shake table testing of a rocking pier with the added devices
toverify the analytical methods and further investigate the dynamic response. Response quantities
of interest include pier displacements, impact velocity, and maximum developed forces. Overall
system behavior and the methods of response prediction were shown to be reasonably accurate.

iv



ABSTRACT

A large number of steel truss bridges were constructed in the U.S. when seismic resistance
was not considered. Recent structural analyses of these bridges have reveal ed that they will
likely suffer significant seismic damage and have arisk of collapse during their remaining
servicelife. Contributing significantly to their poor seismic behavior isthe built-up, lattice
type members used to resist the lateral seismic forces and the pier anchorage connections
resulting in very little effective system ductility. Also, these types of bridges may be avital
geographical link to a region and must remain operational following a major earthquake.
Therefore, seismic retrofit strategies that enhance the global structural ductility, limit
maximum forces transmitted to existing members and the foundation (capacity protect), and

prevent residual deformations are needed.

A seismicdesign (or retrofit) strategy allowing uplift and rocking of steel trusspiersontheir
foundationisinvestigated both analytically and experimentally. To control system response,
the use of displacement-based steel yielding devices and velocity-dependant viscous
dampers, implemented at the uplifting location, are considered. The devices can be
calibrated to capacity protect the existing vulnerable members and the foundation of the
structure. Thesystem providesasignificant restoring forcethat can allow re-centering of the
structure with proper selection of device properties. The behavior of 2-legged and 4-legged
bridge stedl truss piers is considered and methods of predicting response under multiple
components of seismic excitation are evaluated using nonlinear, inelastic time history
analyses. Theanalytical investigation of seismic response includes ground motions typical
of far-field rock sites and near-field ground motions with pul se-type characteristics. Also,
the response of 4-legged piers that resist transverse and longitudinal demandsin bridgesis
investigated with three components of ground motion. Experimenta investigationsinclude
shake table testing of arocking pier with the added passive energy dissipation devices to
verify analytical methodsand further investigate the dynamic response. Response quantities
of interest include pier displacements, impact velocity, and maximum devel oped forces.
Overdl system behavior and the methods of response prediction are shown to be reasonably

accurate using the analytical and experimental techniques.
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SECTION 1

INTRODUCTION

1.1 Motivation

Many of the existing steel bridgesin the U.S. were built at a time when seismic resistance
was not considered in the design or construction of the bridge (Ritchieet al., 1995). Recent
earthquakes such asthe 1989 Loma Prieta and 1994 Northridge in California, and the 1995
K obe earthquake in Japan, as well as recent research, have exposed severa deficienciesin
the design and detailing of structural elements in steel bridges to resist earthquake
excitations. Contributing to the seismic deficiency of existing steel bridgesarethesteel truss
piersthat support some bridge superstructures. Such 2-legged and 4-legged truss piers can
have poor seismic performance as a result of the limited ductility of built-up lateral load
resisting bracing members (Lee and Bruneau 2004). In addition, the bracing members
connections and the pier’ sanchorage connections arelikely seismically inadequate (Pollino
2004). Retrofit of theseelementsto resist seismic demandselastically isan option, but it can

be very costly and gives no assurance of performance beyond the elastic limit.

Therequired level of seismic performance of abridge will depend greatly on its use, value
asageographical link for an area, and redundancy of the surrounding transportation system.
For “critical” transportation links, alevel of performance not necessarily provided by code
requirements is required that would allow the structure to remain operational following a
major seismic event. Whether for retrofit or new construction, approaches for the seismic
design of bridgesthat providethisincreased level of performance, at areasonable cost, are
needed.

Currently, approaches for seismic resistance of steel bridges primarily include the use of a
ductility based design and passive control techniques. Theseapproachescan providevarying
levels of performance however at different levels of cost, required maintenance, and
reliability. Currently, ductility based design approaches are expected to provide satisfactory
performance by limiting damage and preventing coll apse of the structure. However, damage

is expected that would leave the structure with a permanent offset (residua displacement)



and would likely requiresignificant repairs before the structure can be re-opened for service.
Passive control techniques include the use of metallic or viscous damping devices that are
oftenimplemented throughout the structureto absorb earthquakeenergy and prevent damage
to key structural elements. Seismic isolation has been a proven form of passive control for
bridgesthat uses bearings, likely implemented between the bridge deck and its supports, that
provides ahorizontally flexible layer that el ongates the structure’ s period of vibration, adds
energy dissipation, can be very effective at reducing seismically induced forces compared to
other techniques. However, implementation of seismic isolation bearings to an existing
bridge (retrofit) can be asignificant undertaking in terms of cost and labor. Also, isolation
bearings implemented on abridgewill likely require amaintenance program to ensure their
mechanical properties do not significantly deviate throughout the life of the bridge, from
thoseinitially assumed. Each approach to seismicresistance has benefitsand drawbacksthat
would beweighed during thedesign or retrofit process of aparticular bridgeto determinethe
most effective solution. These approaches to seismic resistance and protection have been
applied to actual bridges while their behavior continues to be investigated in academic

research.

Morerecently, thereliance on stablerocking to provide satisfactory seismic performance has
received arenewed interest: moreresearchisbe ng conducted onthistopicandvariouslevels
of rocking response have been considered in the retrofit of large bridges (see Section 2).
Thisisin part due to a growing appreciation for the ability of such systems to efficiently
withstand seismic demands elastically with little to no damage while providing a self-
centering ability. Thusrocking behavior, if properly designed, can meet important seismic
performance obj ectives such as el asti c response of the structurewhilere-centering following

an earthquake.

1.2 Objectivesand Scope of Work

This study investigates the use of rocking behavior with added passive energy dissipation to
control displacements and maximum developed forces such that the structure can be
designed to remain eastic and re-center following an earthquake, thus protecting its

structural integrity and functionality. Focusis placed here on implementation of controlled



rocking to bridge steel truss piers, however, many of the concepts presented are genera
enough such that they could be applied to other types of structures, lateral force resisting

systems, and materials.

As part of the development of this controlled rocking approach for the seismic protection of
bridge steel truss piers, anumber of analytical studiesand experimental testswere conducted
to investigate response of singletruss pierssuch that they could beimplemented asaseismic
protective “component” in a bridge. Much of the work presented here is an extension of
previousresearch (Pollino 2004). Thescopeof thework conducted to expand upon previous

findings is described below:

1. Investigate the dynamic response of 2-legged controlled rocking piers subjected to
simultaneous horizontal and vertical ground motion componentsfocusing on effects
to pier displacements and forces. Develop design equations to predict the forces

developed resulting from the combination of horizontal and vertical effects.

2. Consider the use of both displacement and velocity-dependent passive energy
dissipationdevices. Inparticular, thedi splacement-dependent deviceshad properties
typical of steel yielding devices (i.e. buckling-restrained braces, TADAS devices,
shear panels, etc.) that exhibit bi-linear hysteretic behavior and the velocity-
dependent devices had properties similar to fluid viscous dampers (linear or

nonlinear).

3. Evaluate the effects of near-fault ground motions containing strong pulse-type

excitation using analytical and experimental methods.

4, Deveop the hysteretic and kinematic behavior of controlled rocking 4-legged piers
subjected to three components of ground motion. Also, expand upon the smplified
method of analysis and the design equations devel oped for 2-legged piers such that
they can be applied to predict response of 4-legged piers. Evaluate the equations



developed that describe the hysteretic behavior and the design equations using

nonlinear time history analysis.

5. Develop an experimental testing program for earthquake simulation testing to
investigate the response of acontrolled rocking pier specimen subjected to different

forms of seismic excitation and using different passive energy dissipation devices.

6. Evaluate the methods of analysis (smplified and finite element analysis, FEA) and

design equations using the results of the experimental testing program.

1.3 Original Contribution of Work
The original contribution of this work to the current state of knowledge in the field of

structural and earthquake engineering is as follows:

1. The characterization and quantitative prediction of response resulting from higher
vertical mode effects of rocking structures provides additional understanding of the
rocking behavior. Both analytical and experimental studies performed in the past by
anumber of researchersand practicing engineers have recognized the effects of such
response however an understanding of the mechanisms causing this behavior and

methods to quantify it at afundamental level were needed.

2. The bi-directional behavior and response of rocking steel braced frame structures
subjected to multiple components of seismic excitation expands upon the current

state of understanding.

3. A design methodol ogy, based on the devel opments of the fundamental behavior, has
been formulated that provides simple (not requiring advanced anal ytical models) and
reliable (shown through analytical and experimental studies) approach for the
prediction of response such that controlled rocking piers could be implemented asa

seismic protective “component” in a bridge.



4, The experimental testing program included investigation of response of a specimen
to bi-directiona horizontal excitation which has not been performed in the past, to

the authors knowledge.

1.4 Organization
Thisreport contains seven sections, alist of references, and four appendicesand isorganized

asfollows:

Section 2 provides a brief overview of recent research and applications of rocking for the
seismic resistance of structures. It also provides necessary background information of

concepts related to the controlled rocking approach described in Pollino (2004).

In Section 3, the response of 2-legged controlled rocking piers to multiple components of
excitation is discussed and an energy based formulation for prediction of impact velocity is
developed. Also, response to near-fault excitation isinvestigated. The application of two

different types of passive energy dissipation devices are discussed.

Section 4 expands upon the concepts developed for 2-legged controlled rocking piers to
providerelevantinformation on behavior, analysis, and design of 4-legged controlled rocking
piers subjected to three components of ground motion. Response of 4-legged piersisthen

evauated using 3-dimensional nonlinear time history analysis.

The experimental testing program undertaken isdiscussed in Section 5. All relevant details
pertaining to the similitude scaling, specimen design, passive energy dissipation devices,
excitation, and instrumentation is discussed. Specimen design uses concepts presented in
Sections 3 and 4.

The results of testing are presented in Section 6. The analytical tools (FEA and ssimplified
anaysismethod) and devel oped design equationsare eval uated through comparison with the
experimental resultsin terms of key peak response quantities and response history traces (in
the case of FEA).



Finally, a summary, conclusions, and recommendations for further research for controlled

rocking of structures are provided in Section 7.



SECTION 2

BACKGROUND

2.1 General

Steel trussbridge pierssupporting aslab-on-girder or trussbridgeexistin nearly every region
of theU.S. Lateral load resisting pier el ements consisting of built-up lattice type members
withriveted connectionswere preva ent at the time of construction of many of these bridges.
These built-up lattice type members can suffer global and local buckling (figure 2-1)
resulting in loss of pier lateral strength and major structural damage during an earthquake
(Lee and Bruneau, 2004). Another possible non-ductile failure location is the anchorage
connection at the pier-to-foundationinterface. Whilestrengthening theseexisting vulnerable
elementsto resist seismic demandselastically isan option, thismethod can be expensive and
also gives no assurance of performance beyond theelastic limit. Thereforeitisdesirableto
have structures able to deform inelastically, limiting damage to easily replaceable ductile
structural "fuses', able to produce stable hysteretic behavior while protecting existing
non-ductile elements. Retrofit strategiesthat includeincreasing thestrength and/or ductility
of existing pier members through repair or replacement were investigated by Berman and
Bruneau (2005). Ideally, it would al so be desirableto prevent residual inel astic deformations

and have structural systems that can be self-centering following an earthquake.

Releasing of the pier-to-foundation anchorage connections' tensile capacity (or allowing

them to fail) would alow a stedl truss pier to rock on its foundation, effectively increasing

FIGURE 2-1 Specimen By16-120 (L ee and Bruneau, 2004) (a) Buckled Shape and
(b) Final Fracture of Member



itsperiod of vibration and partially isolating the pier. Such aconnectionwould needto resist
trandation (sliding) in the two horizontal directions but should allow vertical trandation
(uplift) from the support. A base connection was designed and implemented as part of the
experimental testing program (Section 5.4.1) that developed the necessary boundary
conditions and is simple and practical. Adding passive energy dissipation devices at the
uplifting location would restrain the uplift displacementswhile providing additional energy
dissipation. This retrofit strategy also is advantageous because the location of the pier
anchorage tends to be easily accessible compared to other parts of the bridge. A sketch of

acontrolled rocking bridge pier is shown in figure 2-2. The rocking system described has
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FIGURE 2-2 Sketch of Controlled Rocking Bridge Pier



an inherent restoring force, capable of alowing for automatic re-centering of the tower,
leaving the bridgewith no residual displacementsafter an earthquake. The connection at the
base of the pier legs to their supports is critically important in developing the boundary

conditions that allow the rocking response.

Background information relevant to the continued development of this controlled rocking
approach for the seismic protection of bridge stedl truss piersisdiscussed in thissection. A
review of prior research pertaining to rocking structures, post-tensioned self-centering
systems (that exhibit similar behavior to rocking systems), and passive energy dissipation
devices is provided in Sections 2.2, 2.3, and 2.4 respectively. A few bridges have been
designed or retrofitted using arocking approach for seismic resistance and are discussed in
Section 2.5. Section 2.6 provides necessary information and discussion of concepts
developed previously as part of thisresearch project. A simplified method of analysis, used
for the prediction of maximum displacements of controlled rocking piers, is presented in
Section 2.7 sinceit isused extensively throughout thisreport. Finally, the propertiesof aset
of steel trussbridge piersdeemed representative of piersin usetoday are presented in Section

2.8. These properties are used to illustrate or verify concepts later devel oped.

2.2 Prior Research on Rocking Structures

Evidence of rocking of structures has been observed following major earthquakes and used
to explain how very slender and relatively unstabl e structures may have been ableto survive
strong earthquakes (Housner, 1963). The study of rocking structures possibly started with
investigation of the free-vibration response of rigid rocking blocks, and their response to
somesimpleformsof dynamicloading (such asrectangul ar and sinusoidal impul ses), aswell
asto earthquake excitations. An expression for an amplitude dependent period of vibration
during rocking and a method to determine the amount of kinetic energy lost upon impact
(occurring in each half-cycle) was devel oped assuming an inelastic collision to occur upon
impact. Housner (1963) concluded that “the stability of atall slender block subjected to
earthquake motionismuch greater than would beinferred fromitsstability against aconstant

horizontal force”.



From that point some analytical and experimental work was done to predict the response of
rocking structures to earthquake motions. Many investigated the response of rigid blocks
with emphasison preventing overturning. Meek (1978) first introduced aspectsof structural
flexibility to the sel smic response of single-degree-of-freedom rocking structures. Psycharis
(1982) followed with an anal ytical study of the dynamic behavior of simplified multi-degree-
of-freedom (M DOF) structures supported on flexible foundationsfreeto uplift. Two spring
foundations and the Winkler foundation model were both used to study the rocking of rigid
blocks, and only the two spring foundation model was used to study MDOF flexible
structures. Threedifferent mechanismswereconsidered to introduce energy dissipation into
the foundation attributed to soil radiation damping upon the assumed inelastic impact that
occurs during each half-cycle. Theenergy dissipation mechanismsincluded spring-dashpot
and elastic-plastic spring systems. It was noted that vertical oscillations wereintroduced to
this uplifting system when subjected solely to horizontal excitation. Observations on the
benefits of allowing uplifting to occur (opposed to a fixed-base structure) were not
conclusiveintermsof displacementsand stresses, asresponse varied significantly depending

on system parameters and the characteristics of the ground excitations.

Shake-tabl etesting of arocking framewith energy dissipating devicesintroduced at the uplift
location was performed by Kelley and Tsztoo (1977). An approximately half-scale 3-story
steel frame was designed (figure 2-3a), with restraints provided to prevent horizontal
movement, and mild steel, torsionally yielding bars used as energy dissipating devicesat the
uplifting location (figure 2-3b). The test results indicated that the rocking concept with
energy dissipating devices provided beneficia response, interms of base shear, to the same

frame with afixed base, thus preventing uplift.

Priestley et. d. (1978) recognized that following the New Zedand seismic design
requirements for buildings at the time would indirectly result in allowing rocking of part or
all of some structures during an earthquake. However, rather than characterizing thisas an

unsafe condition, they recognized this could be advantageous in someinstances. Inorder to
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FIGURE 2-3 Uplifting Frame Tested by Kelley and Tsztoo (1997) (a) Elevation
View of Steel Frame Specimen and (b) Steel Torsional Yielding Device I ntroduced
at Base of Column

prevent excessive secondary structural damage caused by large rocking displacements, a
simple method to predict the maximum displacement of the rocking response during
earthquakes was developed. Using the work of Housner (1963), aresponse spectra design
approach was used by transforming the rocking system into an equivalent SDOF linear
viscous oscillator. The only energy dissipation in the structural system was assumed to be
provided by the inelastic collisions occurring upon each impact. The simple SDOF model
tested was subjected to free-vibration response, sinusoidal excitations, and the 1940 —S El
Centro record. Results verified Housner’s theory on the amplitude dependent frequency
assuming inelastic collisions, and the simple method developed by Priestley et. a. (1978)
predicted the maximum displacements with reasonable accuracy, especialy for design
purposes. It wasnoted during testing that no significant rebound occurred after impact, that
large vertical accelerations were induced during impact, and that placing rubber pads
underneath the impacting legs to represent a flexible foundation decreased the vertical
accelerations significantly.

Roh and Reinhorn (2006) investigated the behavior of rocking concrete columns for
buildingsthat were utilized as part of aweakening and damping strategy for seismic design.

Thelatera force and deformation behavior was devel oped from theinitial (elastic) response
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through the phases of cracking, yielding, crushing, and then rocking. Of particular interest
wasthe stressdistribution at the ends of the columnswhich significantly affect theflexibility
of the column and thus the lateral (global) force deformation behavior of the column. The
theoretically derived behavior was shown to be in very good agreement with advanced

nonlinear finite element analysis.

Toranzo et. al. (2001) proposed arocking wall system for buildings. Steel flexural yielding
elements were placed at the uplifting locations to increase lateral strength and provide
hysteretic energy dissipation. With the interest of providing a framework for design, a
method for determining the maximum expected displacements was proposed based on the
Direct Displacement Method (Priestley and Kowalsky, 2000). Testing of the rocking wall
was performed using auni-axial shaketable. A picture of the rocking wall specimen tested,
along with the hysteretic energy dissipating devices, is shown in figure 2-4.

FIGURE 2-4 Rocking Wall Specimen with Flexural Steel Yielding Devices at
Uplifting L ocation (Toranzo et. al., 2001)
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Midorikawa et. al. (2003) experimentally examined the response of a steel braced frame
(figure 2-5a) alowing uplift at the base of columns and yielding of specially designed base
plates (figure 2-5b). A 3-story, 2-bay braced frame was subjected to shake table tests using
the 1940 El Centro motion, applied in asingle horizontal direction. Tests were performed
with plate detail s providing different levels of uplifting strength including afixed-base case
for comparison. It wasfound that the uplifting base plateyielding system effectively reduced
the seismic response of building structures and that the base plates were able to provide

(@)

(b)

FIGURE 2-5 Uplifting Braced Frame Tested by Midorikawa et. al. (2003) (a)
Frame and (b) Specially Detailed Yielding Base Plate
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reliable performance for the uplifting displacements while transferring shear forces. The
axial forces observed in the columns during rocking may have been affected by the impacts

caused during rocking.

Makris and Konstantinidis (2002) examined the fundamental differences between the
response of a SDOF oscillator and the rocking response of a slender rigid block (inverted
pendulum structure) and introduced the concept of a rocking spectrum. The rocking

spectrum consists of rotation and angular vel ocity spectraasafunction of a“ period” defined

by:

T:H: 27
KT (21)
4R
where
R=yb2+h? (2-2)

where 2b and 2h are the block width and height respectively. The rocking spectrum is
generated, assuming no diding of the block such that only rocking response occurs, by
solution of thefollowing nonlinear equation of motion representing therocking motion under
a horizontal ground acceleration:

8(5) = -p>[sin(asgn[6()]) -0()] +%COS(aSgn[9(t)] -6(0)] (2-3)
It was found that the rocking spectrum exhibits “noticeable order” until displacements that
nearly cause overturning are reached. It was also reported that methods of predicting
displacements of rocking blocks using typical response spectrum, such as the method used
in Priestley et. a. (1978), may provide acceptable results in some cases, but that there are
kinematic characteristics of the rocking system that cannot be reflected in the response

spectrum.

Morerecently, Konstantinidis and Makris (2005) have numerically investigated the seismic
response of multi-drum classical columns typical of those found in temples from ancient
Greece such as the at the Temple of Zeus at Nemea (figure 2-6). It was found that sliding

of each drum was possible even at horizontal force levelslower than the coulomb friction
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FIGURE 2-6 Multi-drum Columns Under Repair at Temple of Zeus at Nemea

force due to the impact that occurs during the rocking response. Also, no correlation was
found between the peak acceleration of the excitation and peak rotation of the columns
however a strong connection was found between the peak rotation and a “length-scale”
factor, L, (Makris and Black, 2004), that is the product of the excitation’s dominant pulse
period (T,) and velocity amplitude (v,).

2.3 Research on Post-tensioned, Self-centering Systems

Exhibiting very similar behavior to the rocking structures discussed in Section 2.2 are post-
tensioned (a.k.a. hybrid) structures. Instead of (or in addition to) therestoring force provided
by the gravitationa weight of the structure, post-tensioning strands can be introduced into
the structural framing that provides a significant restoring force that can possibly re-center
the structure. The technique of unbonded, post-tensioning of columns, beams, or walls for
the seismic resistance of structures has been of considerable interest over the past 15 years

and some examples are discussed here.
Stone et. a. (1995) investigated the use of post-tensioned precast concrete beam-column

connections and mild steel. Quasi-static testing of ten hybrid connection sub-assemblages

was performed and the connections were shown to meet or exceed the performance of
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conventional monolithic connections in terms of energy dissipation, strength, and drift

capacity.

Mander and Cheng (1997) proposed rocking concrete bridge columns as a seismic resistant
system consistent with a proposed design methodology called Damage Avoidance Design
(DAD). Inthisconcept, each bridge column wasallowed to rock individually by making the
rebar discontinuous at the column ends thus allowing rocking at the column/cap beam and
column/foundation beam interfaces. The columns were subsequently designed as pre-cast
elements, post-tensioned vertically to increase and control the lateral strength. A sketch of
a deformed bridge pier with the rocking column concept is shown in figure 2-7a. The
kinematicsof the rocking behavior and force-di splacement rel ationship were established for
the rocking columns. The primary energy dissipating mechanism for the system isthe lost
energy upon impact. A method of converting the lost energy into equivalent viscous
damping was established following the assumptions of Housner (1963). In some cases,
yielding of the pre-stressing tendons was allowed for increased energy dissipation. Static
testing was performed to verify the force-displacement behavior and the effect of the pre-
stressing tendons. Shake table testing was a so performed (for the specimen showninfigure

2-7b) to verify the concepts presented, along with the simplified design procedure.

BRIDGE DECK

II11

CAP BEAM

STEEL-ON-STEEL
ROCKING INTERFACE

(@) (b)

FIGURE 2-7 Rocking Column Concept of Mander and Cheng (1997) (a) Sketch
and (b) Specimen Tested on Shake Table
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Holden et. a. (2003) experimentally compared, using quasi-static testing, the performance
of a half-scale, conventional ductile concrete wall with that of a post-tensioned precast
concrete (hybrid) wall specimen with hysteretic energy dissipation devicesimplemented at
thebase. Whilethe conventional, code-compliant designed ductilewall exhibited very good
hysteretic behavior up to drift levelsof 2.5%, it incurred significant damage and would have
likely been left with alarge residual displacement following a seismic event. The hybrid
specimen, which required significantly less steel reinforcement due to the force limiting
mechanism (base overturning moment), had only minor cracking at the corners of the wall

and provided self-centering of the wall.

Perez et. al. (2004) proposed the use of post-tensioned, precast concrete walls (2 or morein
the same plane) with ductile shear yielding devicesimplemented vertically between thetwo
walls to provide energy dissipation to the system. Parametric anaytical studies were
performed to verify theoretically derived behavior and a proposed design procedure. Key
design parameters were identified and recommendations were provided for varying these

parameters to meet performance objectives.

Palermo et. a. (2005) has proposed the use of ahybrid system for concrete bridge piers that
uses vertical post-tensioning of the concrete bridge columns and different forms of energy

dissipation devices (hysteretic, friction, and visco-€elastic), as shown in figure 2-8.

Inbonded post-tensioned
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FIGURE 2-8 Hybrid Concrete Bridge Column (Palermo et. al., 2005)
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A displacement based approach isdiscussed for the design of both bridge piersand/or bridge
systems. Following on this work, Marriott et. a. (2006) experimentally and analytically
investigated these hybrid connectionsfor the seismic resistance of concrete bridges. Quasi-
static and pseudo-dynamic testing confirmed the desired performance of the connection that

included no “physical” damage and the self-centering ability.

Ricles et. al. (2001) proposed the use of post-tensioned connections for steel frames. The
post-tensioning strandswereimplemented along thelength of steel beamsand attached at the
column flange, clamping the beam ends to the column flange. Angle members were bolted
to the beam flange and column flange such that under lateral loading of the frame and
following opening of the gap at the beam-column interface, the angle member would yield
in flexure. A typical exterior connection is shown in figure 2-9. An analytical model was
developed using fiber elements and calibrated based on the results of quasi-static sub-
assemblage testing of a connection. Dynamic, time history analyses of a 6-story steel
building showed that the steel frames with these types of post-tensioned connections

exceeded the performance of a moment-resisting frame with typical welded connections.
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FIGURE 2-9 Post-tensioned Steel M oment-frame Connection with Top and Bottom
Angles (Ricleset. al., 2001)
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Christopouloset. al. (2002a) proposed the use of a post-tensioned connection similar to that
of Ricleset. a. (2001). Energy dissipating bars that yield in tension and compression are
attached to the beam flanges and column. Subjected to lateral loads, the gaps open at the
beam-to-column interface activating the energy dissipating bars, as shown in figure 2-10.
The hysteretic behavior of the system exhibits a “flag-shaped” response. This flag-shaped
hysteretic behavior was investigated numerically by Christopoulos et. al. (2002b).
Parametric seismic analyses of SDOF flag-shaped hysteretic systems showed that a flag-
shaped system of equal or lesser strength could match or enhance the response of an elasto-
plastic (SDOF) system in terms of displacement ductility (while also being able to self-

center).

2.4 Existing Rocking Bridges

A limited number of bridges currently exist inwhich rocking of the piersduring earthquakes
has been allowed to achieve satisfactory seismic resistance. The South Rangitikel Rall
Bridge, located in Mangaweka, New Zealand (figure 2-11a) is such an example bridge,
designed and constructed in the 1970's with pier legs allowed to uplift under seismic loads
(Priestley et. al., 1996). With pier denderness ratios of more than 5, large overturning
momentswould devel op at the base of the pier. Allowing pier rocking, significantly reduced
moments that needed to be resisted. Instead of allowing free uplift at the base of each pier
leg, torsional steel yielding devices, showninfigure2-11b, were added to control theamount
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FIGURE 2-10 Post-tensioned Steel Moment-frame Connection with Energy
Dissipating Bars (Christopouloset. al., 2002)
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FIGURE 2-11 South Rangitikei Rail Bridge (Priestley et. al., 1996) (a) Pier and (b)
Torsion Steel Yielding Device at Base of Pier Legs

of uplift while providing energy dissipation (damping). The amount of uplift waslimited to

125mm by stopping mechanisms.

TheNorth Approach of theLions' Gate Bridge, located in'Vancouver, British Columbiawas
seismically upgraded during the 1990's (Dowdell and Hamerdey, 2000). The North
Approach Viaduct consists of 25 composite plate girder spans with span lengths ranging
from about 25-38 meters(figure 2-12a). Early investigationsreveal ed that many pierswould
develop large uplifting forces at the foundation. Advantages of using arocking strategy for
seismicretrofit provided aforcelimiting mechanism, while concentrating retrofit work at the

tower bases (amore easily accessible location compared to other parts of the structure).
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FIGURE 2-12 Lions Gate Bridge North Approach Viaduct (Dowdell and
Hamersley, 2000) (a) Stedl, V-braced Piersand (b) Flexural Steel Yielding Devices
Implemented at Uplifting L ocation

Some concerns arose due to the effects of dynamic impacting of a pier leg with the
foundation and coupling of vertical and horizontal modes during rocking. Implementation
details for the rocking system included removing the nuts of the existing anchor bolts to
allow uplift without damage, tying individual foundation pedestal s together with tie beams
to prevent differential settlement, driving piles through liquefiable soil layers, providing
longitudinal and transverserestrainers at deck-level and installing lead core rubber bearings
at the abutment. Also, the capacity of some pier diagonals and columns were increased by
bolting additional material tothemember toincreasetheir el astic buckling capacity. Flexural
yielding steel devices (figure 2-12b) were placed at the anchorage interface to provide
hysteretic damping and limit the uplifting displacements. Recognizing the increased
dynamic force effects resulting from the rocking response, the engineers utilized a 3-
dimensional nonlinear dynamic time history model of the approach spans for prediction of

maximum forces.

The benefits of allowing partial uplift of thelegs of bridge piers has been al so recognized by
other practicing engineers and the idea has been adopted for the retrofit of some major steel
bridges in California. The seismic vulnerability of the Carquinez Bridge was assessed in
1994 and it was determined that the bridge woul d requireretrofitting to meet current seismic

21



resistance standards. As part of thiswork, the displacement capacity of the A-frame piers
(figure 2-13a), which are expected to carry a significant portion of the seismic loads, was
evaluated using nonlinear pushover analysis (Joneset. al., 1997). It wasdetermined that the
existing pier was unable to provide the necessary seismic performance for this important
transportation link. Three seismic retrofit strategies were investigated which included;
rocking of the frames on the concrete foundations, base isolation with friction pendulum
bearings, and using viscous dampersin the steel towers. Baseisolation and viscous dampers
provided a beneficial response, but member and connection retrofit would still have been
necessary in both cases and the high costs associated with both of these systems was
unattractive. Thefinal retrofit solution wasto allow limited rocking of the A-frame towers.
A transfer girder, shear keys, restraining beams and el astomeric bearing pads were placed
below thetower columns. A schematic of the base connectionisshowninfigure2-13b. The
restraining beams are allowed to yield during an earthquake, providing energy dissipation,

while the elastomeric bearing pads are expected to partialy absorb impacts during rocking.

(@ (b)

FIGURE 2-13 Carquinez Bridge, California (Joneset. al., 1997) (a) A-frame Pier
and (b) Uplifting Restraining System Used
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The Golden Gate Bridge, completed in 1937, began a seismic retrofit program in the 1990's
following the 1989 Loma Prieta earthquake (Ingham et. al., 1997). While the Golden Gate
Bridge was not damaged during the earthquake, the San Francisco Bay Bridge was closed
for one month due to damage, causing huge economic losses thus prompting a seismic
evaluation of all major crossings in California, including the Golden Gate Bridge. The
retrofit solution for the bridge’s main towers allowed each tower leg to uplift from the
foundation by about 2.3 inches, which substantially reduced tower leg stresses compared to
the fixed-base dternative. Finite element analysis was used to investigate the nonlinear
deformation behavior of the tower leg’s multi-cellular riveted steel construction. A picture
of the model isshowninfigure 2-14. The uplifting caused large axial compressive stresses
to develop at the base of the tower legs upon impact requiring the significant stiffening
within the multi-cellular construction of thetower leg. Also, thelack of edge distance from
the compressive zone of the tower leg to the foundation pedestal’s edge required the
installation of post-tensioned, high-strength threaded bars through the concrete pedestalsto

provide confinement and increase the shear resistance near the pedestal edge.

Another mgjor Californiatoll bridgethat underwent major rehabilitation followingtheLoma
Prieta earthquake was the San Mateo-Hayward Bridge (Prucz et. d., 1997). The bridgeis
7.1 mileslong and has a 1.85 mile long main span supported on steel and concrete towers.
The steel towers (shown in figure 2-15a) required an increase in overall ductility to satisfy
performance objectives. To achieve the desired performance, modifications were made to

the column base connections, the columns and the spandrel beams. The column base

FIGURE 2-14 Uplifting at Base of Tower Leg of Golden Gate Bridge from Finite
Element Modél (Ingham et. al., 1997)
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connections (shown in figure 2-15b) were modified to allow for each tower leg to rock and
yield their anchor bolts during uplift. Steel sleeveswere placed around the top of the anchor
bolts that could resist compression following tensile yielding and was believed to improve
cyclic behavior and reduce impact during the rocking motion. Modificationsto the column
base connectionsincluded adding anchor bolts between the exi sting anchor boltsto increase
connection strength, ductility and redundancy. Also, steel pins were added at the column
base to transfer the base shear and concrete was added inside the base of the column to

increase the stability of itswalls.

It is also worth noting that pier E17 of the San Francisco-Oakland Bay Bridge experienced
rocking during the Loma Prieta earthquake (Housner, 1990). Pier E17 serves as an anchor
pier for the bridge superstructure from pier E11 to pier E17. The concrete bent was not
intended to rock however damage following the earthquake provided evidence that rocking

of the concrete columns had occurred.

(@ (b)

FIGURE 2-15 San Mateo-Hayward Bridge (a) Stee Tower and (b) Modified
Anchorage Connection (Prucz et. al., 1997)
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2.5 Prior Research on Passive Energy Dissipation Devicesfor Seismic Protection
25.1 Stee Yielding Devices

The seismic design of steel latera force resisting systems, such as specia concentrically
braced frames (SCBF), eccentrically braced frames (EBF), and special moment resisting
frames (SMRF) (AISC, 2005), rely on the inelastic deformations within the structural
framing to dissipate seismic energy using capacity design principles. However, damage
following an earthquake is expected that would require significant repairs and possible
replacement of frame members. More recently, the use of sacrificial steel elements that
absorb earthquake energy through non-recoverable plastic work have been used (or
considered for use) as passive energy dissipation devices in both buildings (Soong and
Spencer, 2002) and bridges (Zahrai and Bruneau, 1998). Thesesteel yielding devices(ak.a
metallic dampers, hysteretic dampers) can be designed to limit or prevent damage to the
primary framing system by acting as ductile structural “fuses’ (Vargas, 2006). A review of

afew such devices are discussed in the following sub-sections, athough others exist.

25.1.1 Buckling-restrained Braces (BRB)

Buckling-restrained braces, aso known as unbonded braces (type of BRB made by Nippon
Steel Corporation of Japan), are an emerging seismic device providing, in some cases,
supplemental strength, stiffness and energy dissipation to structures. The concept of the
buckling-restrained brace behavior contrastsfromthat of aconventional braceinasignificant
way. A conventional bracing member subjected to axial loadsisabletoyieldintension, but
typically exhibits global and/or local buckling under compression at a load less than the
tensile yield force. Under some circumstances, the buckling of these members within a
structural system can provide satisfactory seismic performance (AISC, 2005), even though
buckling isnot anideal form of energy dissipation. A buckling-restrained brace is designed
to instead allow the brace to reach full yield in tension and compression. It consists of a
ductile steel core, carrying axial load, surrounded by arestraining part that prevents global
buckling of the core. An “unbonding” materia is placed between the steel core and
restraining part to limit the shear transfer between the two components, accommodate the
lateral expansion of the bracein compression dueto the poisson effect, and to ensurethat the

buckling prevention component will not carry axial load (i.e. will not significantly increase
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the strength of the brace). Figure 2-16 shows sketches of the primary components of a

buckling-restrained brace.

Severa different cross-sections of the steel core and restraining mechanisms have been
investigated. Use of acruciform or rectangular plate as the yielding steel core, wrapped in
an unbonding material, and inserted in a rectangular or square HSS steel tube filled with
mortar hasbeen apopul ar configuration that hasshownto devel op stable hysteretic behavior.
Sample specimen dimensions considered in past experimental studies with this type of

configuration are shown in figure 2-17.

A number of researchers have investigated the behavior of BRBs. Watanabe et. al. (1988),
Wada et. al. (1989) and Watanabe et. a. (1992) investigated the effect of the outer tube
configuration, in particular the outer tube flexural capacity, on the performance of the brace.
Hasegawaet. al. (1999) performed shake table testing of an unbonded brace subassemblage
using the 1995 Kobe Marine Observatory Record and the 1940 El Centro record. The
unbonded brace was subjected to a maximum axial strain of 7.2% in one of the tests and
stable hysteretic behavior wasreported throughout thetesting. Iwataet. a. (2000) tested four
braceswith cross-sections shown infigure 2-18. Specimens 1 and 3 have a soft rubber sheet
between the core and restraining part to act as the unbonding layer while specimens 2 and
4 only had a small clearance between the core and restraining part. Hysteretic behavior of

the 4 specimensis shown in figure 2-19. It was found that each specimen behaved
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FIGURE 2-16 Primary Components of Buckling-restrained Brace
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FIGURE 2-17 Experimentally Tested Cross-sections of Buckling-restrained Braces
(Black et. al., 2002)

FIGURE 2-18 Cross-sections of Experimentally Tested Unbonded Braces by Iwata
et. al. (2000)
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FIGURE 2-19 Hysteretic Response of Unbonded Braces Tested by Iwata et. al.
(2000)

satisfactorily up to axial strainsof 1% however at higher levels of strain the braces behaved
differently. Rapid development of local buckling was observed in the specimenswithout the
unbonding material, resulting in low cyclefatigue and eventual fracture. Black et. al. (2002)
tested five specimens with properties representative of braces designed for implementation
in two seismic retrofit projectsin California. Loading protocolsfor thetesting included the
SAC basicloading history, SAC near-field, OSHPD loading history, low-cyclefatiguetests,
and displacement historiesderived from predicted building response for specific earthquake
records. The tested braces exhibited ductile, stable and repeatable hysteretic behavior. A
Bouc-Wen analytical brace model (Wen, 1976) was found to model the behavior of the
braces “with fidelity”.

25.1.2 Triangular Added Damping and Stiffness Device (TADAS)

Thetriangular added damping and stiffnessdevice (TADAS) (showninfigure2-20) consists
of anumber of triangular shaped steel platesthat allow uniformyieldingin flexure along the
length of each plate. The deviceisimplemented such that it isfixed at the wide end of the
triangular plate and pinned at the tip of the plates such that the plates act as cantilever
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FIGURE 2-20 Sketch of TADAS Device (Tsai €t. al., 1993)

members and deform in single curvature. The mechanical properties of the TADAS device
and a design procedure was established by Tsai et. a. (1993). Tsa et. d. (1993) aso
performed quasi-static component tests of TADAS devices and pseudo-dynamic tests of a
two-story framewithimplemented TADASdevices. Testingrevealed that thedevicescould
exceed plastic rotations of 0.25rad. with no strength or stiffness degradation. However, the
connections of the devices are critical to developing the desired hysteretic behavior and

preventing significant secondary stiffening.

2.5.2 Fluid Viscous Dampers

The use of viscous damping devices in the seismic design of civil engineering structuresis
relatively new (15-20 years) however they have been used in military applications for many
years (Constantinou and Symans, 1992). The fluid viscous damping device discussed here
consists of a stainless steel piston rod with a specially shaped head and orifices that passes
through an enclosed cylinder filled with asilicone oil. A sketch of the key components of
this type of fluid viscous damper is shown in figure 2-21. The orifices and shaping of the
piston head significantly affect the characteristics and output response of the device. Fluid
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FIGURE 2-21 Sketch of Internal Components of a Fluid Viscous Damper
(Constantinou et. al., 1998)

viscous dampers manufactured by Taylor Devices, Inc. of North Tonawanda, NY have been
extensively tested and have beenimplemented in numerousbridgesand buil dingsworldwide
(Constantinou et. al., 1998).

Analytical and experimental studies of buildings and bridges with fluid viscous dampers
implemented was performed by (Constantinou and Symans, 1992). A number of other
studies followed that have investigated the behavior of fluid viscous dampers and their
influenceon structural response (Reinhorn et. al., 1995; Seleemah and Constantinou, 1997).
Also, procedures for the seismic design of structures with supplemental fluid viscous
dampers have been proposed by Whittaker et. al. (1993) and Ramirez et. al. (2000). A set
of recommended provisions for the seismic design of buildings or other structures with
damping systems is provided in FEMA 450 (2004).

2.6 Developmentson Controlled Rocking in Pollino (2004)

Relevant fundamental behavior of the controlled rocking approach, presented in Pollino
(2004), isreviewed herein order to provide necessary information that will provide clarity
in the further developments of this seismic protective approach discussed in this report.
Included in this sectionisthe devel opment of the static cyclic hysteretic behavior using step-
by-step plastic analysis concepts, a methodology to quantify the dynamic force effects that
result from the impact and uplift that occurs during rocking response, and a simplified

analysis method that can be used for design.
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2.6.1 Static Hysteretic Behavior

The key parametersfor the hysteretic response of the rocking bridge pier system considered
hereincludethefixed-baselateral stiffnessof theexisting steel trusspier (k,) and the height-
to-width aspect ratio of the pier (h/d). The passive energy dissipation device considered is
asted yielding devicethat is assumed to exhibit el astic-perfectly plastic hysteretic behavior
with ayield force, F,,, and an elastic stiffness, k,. Also, the weight excited by horizontally
imposed accel erations (w,)) and the vertical gravity weight carried by apier (w,) are assumed

equal here and expressed asw.

The ssimplified model used for static pushover analysisisshownin figure 2-22. The model
considers motion of the pier in adirection orthogonal to the bridge deck and assumes there
to be nointeraction with other piersor abutmentsthrough the bridge deck. Thevarioussteps
and physical behaviors that develop through atypical half-cycle are shown qualitatively in
figure 2-23. By symmetry, the process repeats itself for movement in the other direction.
Section 2.6.1.1 describes the pier response for the 1% cycle. Transition from 1% to 2™ cycle

response occurs when the devicesyield and the braces carry a portion of the weight after the

<
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FIGURE 2-22 Modd used for Static Pushover Analysis
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(b)

FIGURE 2-23 Cyclic Pushover Response of Rocking Bridge Pier. (a) Global
Response and (b) Response of Stedl Yielding Device

system comes to rest upon completion of the cycle (a phenomena to be explained |ater).
Section 2.6.1.2 describeshow thisresponse differsfor the 2™ and subsequent cycles. Section
2.6.1.3 discusses someimplications of therocking response on the post-yield stiffness of the

controlled rocking bridge pier system.

2.6.1.1 1* Cycle Response
As the horizontal load applied a the top of the pier is increased, the initial lateral
displacement at that location is entirely due to elastic deformations of the pier’s structural
members. Thestiffnessof the pier, k,, isafunction of its bending and shear flexibility (step
1to2infigure2-23). Thehorizonta force-displacement responseat thetop of thepier, until
uplift begins, is defined by:

P=k,Ag (2-4)
where A;="global” horizonta displacement at the top of the pier and k, is defined above.
Uplifting of atower leg begins when the restoring moment created by the tributary vertical
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bridge weight isovercome by the applied moment (position 2infigure 2-23). Thehorizontal
force at the point of uplift is defined by:

d
Pup] = %( Z) (2'5)

where /. =inverse of the aspect ratio and w was defined previously. The displacement at the
point of uplift in the 1% cycle response is defined by:

_ Pup]

upl
ko

(2-6)

Theglobal stiffnessisreduced after uplift asthe flexibility includes deformations of the pier
and base rotations as a tower leg begins to uplift. The horizontal pier stiffnessis given by
k.. The base rotational stiffness can be projected to give its effect on the total horizontal

flexibility and is controlled by the brace stiffness and the pier aspect ratio as:

ky = kd( %) 2 (2-7)
These deforming mechanisms act astwo springsin series asthe horizontal oad isincreased.
Thus, the structural stiffness from uplift to the yield point (step 2 to 3 in figure 2-23) is
defined here as the elastic rocking stiffness and is expressed by:

(1)t | 1!

k=] —+— =] — +

"\ k, & k, (d)z (2-8)
kd

The pier isthen pushed until the deviceyields, which assumesthe deviceto betheweak link
along the lateral load path. The horizontal force at the onset of braceyielding, P,, and thus
the structural system yield strength is defined by:

w d
Pyz(z"‘Fyd)Z (2'9)

The corresponding system yield displacement for the first cycle, A,,, is defined as:
A | v B
o2k, k,

Ignoring strain hardening in the brace and a second order effect to be discussed in Section

d
i (2-10)

2.6.1.3, the system has zero post-€l astic stiffnessand i sdef ormed to itsul timate displacement
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(A). The ultimate displacement is dependent on the seismic demand and a method for
calculating the ultimate displacement is discussed in Section 2.7.

As the horizontal load is reduced, the pier first responds elastically with stiffness k,, the
tensileforcein the device aso reduces per itsinitial elastic properties. A deformation inthe
device of 2A , where A is the yield displacement of the device equal to F,/k, isrequired
for the deviceto reach itsyield strength in the reverse direction which requires a deck-level
displacement of A ,+A,,(h/d) from the undeformed position. The applied lateral load at the
top of the pier at the point of reverse yielding of the device, (point 5 in figure 2-23), is

defined by:
w d
PC:(E_Fyd)(z) (2‘11)
The corresponding displacement at this point is defined as:
d
2F  —
yd
A=A - h—zAdﬁ (2-12)
[4] u k B4 d

o

The device displaces plastically in compression and again is assumed to yield with no
significant stiffness until the uplifted pier leg returnsin contact to its support (step 5to 6in
figure 2-23). At this point of contact, system stiffnessis again defined by k.

It can be seen from (2-11) that if the device yield strength (F,) is greater than half of the
bridge deck weight tributary to the pier (*/,) then the horizontal forcerequired at yielding in
the reverse direction is negative. Thus the restoring moment provided by the vertical
tributary weight is not enough to yield the device upon unloading, leaving apier leg slightly
elevated abovethefoundation and not allowing for self-centering of thepier. By limiting the
device strength to /,, the plastic rotations accommodated at the pier base can be returned to
the undeformed position leaving the pier with no residua deformations. A local strength

ratio, n, isdefined here as:
F
n, =% (2-13)

Parameters that give n, lessthan one allow for pier self-centering.
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2.6.1.2 2" Cycle Response

As a device yields in compression and the pier settles back to its support, the device
effectively carries a portion of the bridge weight equal to its yield strength (assumed to be
F,o)- The corresponding free-body diagram of apier in an undeformed shape after the 1%
cycleisshown in figure 2-24. Asaresult of thistransfer of the gravity load path, asmaller
horizontal forceisrequired to initiate uplift causing an earlier transition from stiffnessk, to
therocking stiffnessk, thusincreasing theflexibility and systemyield point fromthe 1% cycle
response as can be seen by the 2™ cycle curve in figure 2-23. The horizontal force at the
onset of uplift can be shown equal to P, (defined by 2-11) and is defined for the 2™ and
subsequent cycles as:

w d
PupZ:Pc:(l _nL)EZ<PupI (2-14)

The corresponding displacement at the point of uplift in the 2 and subsequent cycles is

equal to:
A _ PupZ <A
up2 ~ k upl (2_15)
W;Z w,fz

FIGURE 2-24 Free-Body Diagram of Pier, at Rest, after 1 Cycle
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Theyield displacement can be expressed as:

d d

(1_nL)K_ 2F 2
_ 2 h *h 2-16
A, = - + p >A, (2-16)

Theyield strength of the system, P,, isunchanged. Theforcein the device changes fromits
compressive strength (F,,) to tension yielding (F,,) for the 2" and subsequent cycles that
exceed deck level displacement of A ,. Hysteretic behavior in the 1% and subsequent cycles,
for agiven magnitude of inelastic deformation in the devices, are shown together on asingle
plot infigure 2-25. Notethat the controlled rocking bridge pier considered develops aflag-
shaped hysteresis. Thisisdueto the combination of purerocking responsefromtherestoring
moment, provided by the bridge deck weight, and energy dissipation provided by yielding

of the devices.

2.6.1.3 Influence of Second Order Effectson Hysteretic Response
The proposed rocking bridge pier system has characteristicsof both alinear-elastic oscillator
and arigid rocking system. The restoring force for the pier flexibility is provided by

15
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FIGURE 2-25 Hysteretic Behavior of 1% and 2™ Cycles
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elasticity while the restoring moment, M, for base rocking is provided by gravity and equal

to:

M =w

¥

d
> (2-17)
Asthe center of mass displaces, the restoring moment provided by gravity isreduced. The
reduction of the restoring moment is dependent on the ratio of the horizontal seismically
induced displacement of the bridge deck to pier width (d) such that therestoring moment can

be defined in terms of the induced displacement as:

d
M (A)=w| = - A, -
(&) (2 ) (2-18)
Thislossin restoring moment can bewritten in terms of thelossin horizontal base shear as.
d wd w w
PA)=2|LA|=YILVWN-p _Yx -
r( 1) h(z z) 2h h upl hol (2 19)

Thusfrom (2-19) it can be seen that there effectively existsanegative stiffnessof -w/hinthe
hysteretic response. The loss of restoring moment becomes more pronounced at larger
displacementsandisthereforeexamined further for thepost-yield response. Consideringthis
effect along with the strain hardening of the devices, intheform of apost-yield stiffnessratio

(a,=Ki/Ky), resultsin aglobal post-yield stiffness of:

d\> w(d
kpy:a.sydkd(Z) _E(Z) (2'20)
where k, istheinitial, elastic stiffness of the device equal to:
F
__»
d- (2-21)
A,

Therefore, under some circumstances the strain hardening of the devices can negate the
effective negative stiffness due to the nonlinear geometric effect, thusresulting in apositive

global post-yield stiffness, k,,.
For pier widths and aspect ratios considered herein (representing bridge piers), a modestly

sized device can result in a positive global post-yield stiffness. However in some cases

where the base width of a bridge pier is not of this magnitude, this effect may be more
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critical. Dueto the fact that the restoring moment is lost with increasing displacement, the
self-centering ability is also affected.

2.6.2 Excitation of Vertical Modes During Rocking Response

Some of the past anaytical and experimental studies investigating systems that alow a
rocking response, discussed in Section 2.2, have observed an increase in demands beyond
that explained through the static behavior as aresult of impacting and uplift of the pier legs
with the foundation. However, they have not provided significant insight into the possible
mechanisms causing these additional demands. The passive energy dissipating devices
(buckling-restrained braces, viscous dampers, etc.) can be calibrated to control the rocking
response to within certain limits, however, as part of a capacity-based design philosophy,
these additional demands must be accounted for in order to capacity protect the primary

structural elements of the system during seismic excitation.

A methodology to quantify the dynamic force effects has been developed considering a
simplesteel bridge braced frame. However, the concepts presented are general and could be
extended to include different materials and structural systems. The steel braced frame
considered isillustrated in figure 2-26 and has a number of square panels (n,) with aheight

(h) and awidth (d=h/n,) with the bracing membersin a concentric X-configuration. The

r |3
-

| Tower diagonal:
Ag Ly

TN

d

0d vl

AN
b
FIGURE 2-26 Representative Piersfor Calculation of Vertical Stiffness of X-

braced Piers
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concept will be presented here for a controlled rocking pier with asteel yielding device that
has the general properties discussed previously (Fq, Ky, A,q).

2.6.2.1 Discussion of Dynamic Response of Controlled Rocking Frame

If thesystem isdesigned to allow for framerocking and sel f-centering, then after aleg uplifts
from the foundation, it eventually returnsto its support with a certain velocity upon impact
(position 2 in figure 2-27). Without a more sophisticated analysis of the impact that occurs
between the frame leg and the foundation, an el astic impact is assumed to occur resulting in
no loss of system energy thus providing an upper bound on the forces devel oped within the
frame. Astheframeleg beginstheimpacting process, theweight tributary to that legisalso
suddenly (impulsively) returned to theimpacting leg forcing thelegto remainin contact with

the foundation. Asthe motion continues, the frame shiftsits axis of rotation from the base

[ [ 1- [ 1]
W(]"‘T].f’z)l WMy, WMy, ¥ w il whom Iw(liﬂu‘z)
w(1-1L/5) % 2
1 ®/ /
T A“p T
7’/ 3 4
-1
A/Ay

FIGURE 2-27 Static Free-Body Diagrams and Hyster etic Response of Frame
through Half-cycle of Rocking Motion
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of oneleg to another and the weight and device forces are suddenly transferred through the
frame vertically to the frame leg that is now being compressed. Beginning with theinitial
velocity upon impact and followed by thetransfer of impulsiveforces, anumber of dynamic
effectsare occurring that need to be considered to capacity protect theframe. A fundamental
structural dynamics approach isused here that identifiesthe vertical modes of vibration that
areexcited and cal culatestheresponse from each dynamic effect when theframeis subjected
to horizontal excitation. As will be shown, the forces developed due to the vertical
accelerations of the mass can be quite significant and need to be accounted for to achieve

capacity protection of the frame.

2.6.2.2 Static Transfer of Vertical Loads

Before addressing the dynamic response of rocking steel braced frames, it isworthwhileto
briefly review their static behavior. Thetransfer of |oads statically through the braced frame
during rocking response is described for a half-cycle of motion (shown in figure 2-27)
starting from a displacement of -A, (position 1 in figure 2-27), apoint at which one side of
the frame has uplifted from the foundation and yielded the steel device. The free body
diagram of the frame in five different positions while rocking (assuming static response)
fromleft toright, isalso showninfigure2-27. Astheframetravelsfrom position 1to 2, the
force in the steel deviceisreversed and the steel device yields until the uplifted leg returns
toitssupport a position 2. In position 2, haf of theweight, “/,, isbeing transferred directly
down the left leg while a portion of the weight, */,(1-n,), is transferred through the frame
diagonals also to thisleg. From 2 to 3 the portion of the weight, “/,(1-n,), istransferred to
the impacting leg on theright. From 3 to 4 the frame begins to move in the other direction
and the other half of theweight, “/,, istransferred to theleg on the compressive side through
the diagonals. At position 4, the frame is on the verge of uplift and then from 4 to 5 the
frame uplifts, activating the steel device until it reaches its yield force (n, "/,) at point 5.

Thisforceistransferred through the frame vertically to the compressive side.
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2.6.2.3 Review of SDOF Linear Mass-Spring Systems Subjected to Impulsive L oad
The response of simplified linear mass-spring systems subjected to a step force with finite
rise time is first reviewed to provide the relevant theory to determine the dynamic

amplification during the rocking response.

A general solution for the displacement response of alinear dynamic system, based on an
impulse-momentum formulation, known asthe convol utionintegral, can befoundin Clough
and Penzien (1975) expressed as:

u@®= f p(®) h(t-1) dr (2-22)
0

where p(t)drt is the magnitude of the impulse at time t and h(t-t) is defined as the unit
impulse-responsefunction. More specifically, theform of loading can bedescribed asastep
force with finite risetime (t,) defined as:

. <
p(1)=p,, (r<t,) (2-23)

r

p()=p, (t=1,)

The undamped displacement response for this type of loading (assuming zero initial
conditions), for time greater than t,, can be shown to equal:
u(t)=(ust) l—i[sin o, t-sin con(t—tr)} (2-24)

? O“)n tr

where o, isthe natural frequency of the mass-spring system, (uy), is the static displacement

response of the system subjected to the same maximum force, p,, and is defined as:

(uy) = p—k" (2-25)

where k is the stiffness of the spring in the simple mass-spring system. A dynamic
amplification factor, R, defined asthe ratio of maximum displacement response over time,

u, (maximum of 2-24), to the static displacement response (2-25) can be shown to equal:
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Sin| T
u
R=2° =1+ n (2-26)

d = =
(uy), it

r

Therefore the dynamic amplification factor is dependent only on the rise time of the applied
load (t,) and natural period of the mass-spring system (T,). Thesevalueswill be determined
inthenext section. Sincethesystemislinear, forcesaredirectly proportional to deformation
thus R, aso defines the ratio of maximum force response to the static force response. In

other words, the maximum force can be determined by amplifying the static force by R,.

If the samelinear mass-spring system weresubjected solely toaninitial velocity, v,, thetime

varying displacement response could simply be defined as:

(1) = =2"% sin] 2.1
u =—-8Sm nT— -
o T (2-27)

n

2.6.2.4 Simplified Mass-Spring Systems

Axial Mode of Frame legs

As described above, as the frame steps from one leg to another, a series of loads are
transferred through the frame vertically. A number of behaviors described in this section
start when the leg impacts the foundation with a vertical velocity, v,, and a portion of its
tributary weight, */,(1-n,), isre-applied to theleg. Thus, thefirst simplemass-spring system
investigated represents the axial vibration of aleg with mass concentrated at the top of the
leg, as shown in figure 2-28(a). The stiffness of this system can be taken as:

k=—1L 2-28
1=, (2-28)

where A isthe cross-sectional areaof aleg and histhetotal height of theleg. The system
mass is assumed to only consist of the concentrated mass, "/, at the top of the leg, therefore

the period of vibration can be taken as:

T =21 | i
L 2k, (2-29)
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FIGURE 2-28 Vertical Modes of Vibration Excited During Rocking. (a) Axial
Vibration of Pier Leg and (b) Vertical Shearing Mode of Pier Panels

As the motion continues from position 2 to 3 (figure 2-27), half of the frame's tributary
vertical weight is transferred directly down the frame leg. This impulsive load can be
defined by (2-23). Todeterminetheeffect of theimpul siveload, an approach to approximate
the rise time of the impulsive load is required. The approach is based on free-vibration
response of the frame approximating its primary horizontal rocking mode asalinear elastic
system and assuming equivalent response times between the two systems and isillustrated
infigure 2-29. Theresponse of the equivalent linear elastic system with respect to time can
be expressed as:

A(®) =A, sin

t
2nT—] (2-30)

sec

where A ,=maximum global horizontal displacement of the frame (and could be determined
using methods described in Section 2.7) and T.=secant period of vibration taken at the

maximum system displacement such that:
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mA
T =2n 4 (2-31)
P

sec
y

where P, is the horizontal yield force of the controlled rocking system defined by (2-9).
Therefore the time it takes the system to travel from position 2 to 3 (figure 2-27) is defined

astherisetimefor the load applied directly down aleg, t, , and can be approximated by the

expression:

T

= % sin™!

2n

Au 2
Ap ] (2-32)

u

rL

where A, isthe horizontal displacement of the frame at the point of uplift during 2" cycle

response (2-15). Finally, the dynamic amplification factor for thisload, R, , can be defined

by:
1
N (2-33)

Sincethisload acts through the new axis of rotation, it does not affect the base overturning

moment. However, it will affect the maximum axial force developed in theleg as shownin

the sample pier axial force response from dynamic finite element analysisin figure 2-30(a).

FIGURE 2-29 Illustration of Linear-Elastic System used for Deter mination of
System Rise Times
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FIGURE 2-30 Fluctuation of Force Response Resulting from Vertical Mode
Participation (a) Pier Leg Axial Forcesand (b) Base Shear Force

Vertical shear mode of frame

Asthe rocking motion continues, vertical loads aretransferred through the frame vertically
totheother sideastheframeuplifts. During uplift the simple mass-spring systemisassumed
to be subjected to zero initial conditions unlike during impact. Two loads are applied in
series during uplifting (positions 3 to 5, figure 2-27). First, a load of */, is transferred
through the frame vertically asthe gravitational restoring moment is overcome followed by

the yield force of the device.

Thevertical stiffnessin shear of the system for frames with panel heightsequal to theframe
width and diagonals in an X-braced configuration could be taken as:
2 -1
5h . \2d
8EA;, 2hEA,cos’0
where E=modulus of easticity of steel, A =cross-sectiona area of the frame diagonals,

v

(2-34)

6=angle the diagonas make with the horizontal, and all other terms have aready been
defined. For the vertical shearing mode of vibration shown in figure 2-28(b), the effective
mass is taken equal to "/,. The period of vibration of this simplified system is therefore:

T,=2m | — (2-35)
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Thisexpression does not account for the minor participation of the massfrom theremaining
vertica tributary mass of the frame. Performing elastic modal analysis of a system as
depicted in figure 2-28(b) including mass from both sides would more accurately determine
the period of this mode however this difference does not significantly change the maximum

developed forces. For simplicity in design, (2-34) could be used.

Astheframe movesfrom position 3to 5, thetwo uplifting forces (*/, and P,;) aretransferred
through the frame vertically with risetimest,, and t,, respectively. It can be shown that t,,
IS greater than t,,, assuming free-vibration response, while both forces vibrate at the same
frequency. Looking at a sample response of figure 2-31, the motions tend to be somewhat
out of phase. They will become in-phase as t,, approaches T, however the amplification
factor approaches 1 as t,, approaches T,. Consideration of the two separate loads and
superposition of their individual dynamic amplification considering phase differences can
become complex. The complexity of considering the two separate |oads and superposition
of their individual dynamic amplification including phase differencesis not warranted with
thesimplified systemsused. Therefore an approach istaken to obtain asingle amplification
factor for thetwo uplifting loads. Following that approach, arisetime, t.,, isdefined for the
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FIGURE 2-31 Dynamic and Static Response of L oads Through Truss Pier
Vertically. (a) Dynamic Response of Each Load (w/2, F,,) and (b) Normalized Total

Dynamic and Static Response
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two loads during uplift as:

1A
_ Tsec

t = sin? 2 (2-36)

) ; A,

where A, =frame displacement at the point of yield assuming 1 cycle response. Therefore

the dynamic amplification factor for the sum of these two loads is taken as:

K
sm| ——
T
LA v/l (2-37)

nt,

T

v

Rdv=1+

Note that both 1% and 2™ cycle response parameters are being considered that yield
conservative amplification factors. Theinfluence of thisdynamic effect isillustrated in the
sampl e response shown in figure 2-30(b) with the dynamic base shear response overlaid on
the static cyclic hysteretic curve defined previously. The dynamic amplification factorsfor
the impulsive loads (R, and R,,) applied during rocking will be used in the capacity

protection design equations presented in later sections.

2.7 Simplified Method of Analysis

A simplified method for the prediction of maximum displacementsacontrolled rocking pier
isdiscussed that iseval uated throughout thisreport. Themethod proposedinthe FEMA 450
(2004) document for the design of passive energy dissipation systems uses spectral capacity
(pushover) and demand curves and can represent the response in a graphical format.
Conversion of the demand and capacity (pushover) curve to spectral ordinates is based on
modal analysis theory. The bridge piers are assumed here to behave as a single degree of
freedom system representing the dominant horizontal mode of vibration. The added energy
dissipation from the passive energy dissipation devices is converted to equivalent viscous
damping and the seismic demand curve reduced from the 2% damped spectrum (assumed
inherent damping for this steel structure). For the flag-shaped hysteretic behavior of the

controlled rocking system, the equivalent viscous damping can be determined by:

S = G0 * Spmp (2-38)
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where & =inherent structural damping (assumed to be 2%) and &..,=damping provided by
passive energy dissipation devices during rocking response. For example, the hysteretic
damping of the controlled rocking system with sted yielding devices (&, can be
approximated by modifying the equivalent damping of a bi-linear system (with no strain
hardening) by afactor q:

Srys = 4" = 1nL 2(1_L] (2-39)
T, w )
where p,=displacement ductility ratio considering 2™ cycle properties such that:
Au
UGy = Ay2 (2-40)

Factors for reducing the spectrum in the short (B, and long period ranges (B,), for the
effective damping (&) from (2-38) , are given in the FEMA 274 document. This method
isbrieflyillustrated in figure 2-32. Further discussion on simplemethodsfor calculating the

response of passive energy dissipation systems can be found in Ramirez et a. (2000).

Rocking structures also dissipate energy through the radiation of stress waves into the soil
(or assumed as an inelastic impact) that occurs during each half-cycle. Conversion of this

form of energy dissipation into equival ent viscous damping has been considered by Housner

P/W and Spectral Acc.

A and Spectral Displacement

FIGURE 2-32 Simplified Method of Analysis Procedure Plot
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(1963), Priestley et. d. (1978) and Mander and Cheng (1997). The amount of energy
dissipation, in the form of equivalent viscous damping, has been shown to bein the range of
2-6% and decreases with increasing aspect ratio of the rocking element. The energy
dissipated by the yielding steel elements or viscous dampers is much more significant and

ignoring this effect is conservative.

2.8 Discussion of Pier Properties Used

A range of parameters assumed representative of steel truss bridge pierswere established to
investigate the response of self-centering, flag-shaped hysteretic systems. The parameters
related to existing stedl truss bridge piers are largely dependent on the pier aspect ratio (/).

Inspection of drawings of afew existing steel truss bridges reveal ed some consistent details.

They include:
. aspect ratios generally ranging from 1 to 4, athough other values also exist
. pier diagonals of constant cross-section over pier height
. pier legs continuous over height
. pier diagonals and legs of similar sizes for different aspect ratios

These particular details reflect design practice at the time of construction. The piers carry
their own tributary vertical gravity load. If vertical loads are assumed to be the same for all
pier aspect ratiosthen pier legswould all bethesamesize. Similarly, if the design base shear
is assumed identical for all piers (uniform design wind load) then the lateral load resisting

elements may also be similar for all pier aspect ratios.
A set of pier properties, assumed to be representative, were adopted and some of their

relevant dynamic propertiesfor both horizontal and vertical vibrationsaregivenintable2-1

for rocking truss piers. More details of the piers used are given in Appendix A.

49



TABLE 2-1 Relevant Horizontal and Vertical Dynamic Properties of

Representative Piers

h d w Kk, T, k. T, K, T,

h/d
(m) (m) (KN)  (kN/mm)  (sec) (KN/mm)  (sec) (KN/mm) (sec)

4 2026 732 1730 125 0.74 213 0.128 290 0.155

3 2195 732 1730 231 0.55 283 0.111 350 0.141
2 1463 7.32 1730 47.5 0.38 425 0.091 360 0.139
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SECTION 3

FURTHER DEVELOPMENT OF 2D CONTROLLED ROCKING FRAMES

3.1 General

The controlled rocking approach for seismic resistance of 2-legged bridge steel truss piers
is investigated to further add to the developments of Pollino (2004). Some important
conceptsfor thebehavior of controlled rocking 2-legged pierswerederived in that document
and the essential information from it is reviewed briefly in Section 2. The influence on the
key response parameters of controlled rocking 2-legged piers, subjected to both vertical and
horizontal ground motion is discussed here and a method is proposed for combining the
effects of horizontal and vertical excitation along with the dynamic effects that occur as a
result of impact and uplift during rocking. These results are then compared with the results

of nonlinear time history analysis for afew cases.

Theresponse of controlled rocking piersto near-fault seismic excitation isthen investigated
using analytical techniques. Ground motionsat asitecloseto fault rupture (<15km, i.e. near-
fault) often have a strong pulse-type characteristic in the fault-normal direction that is
capableof significant structural response. Also, thestructura response can bedifferent from
that typically resulting from far-field excitation due to the strong concentration of seismic
energy near the frequency of the pulse. The response of the controlled rocking system to
such excitation is investigated using a set of near-fault ground motions used as part of the
SAC Sted Project (Somerville, 1997) aong with a number of ssimple pulse excitations.
Focus is placed on the displacement response and dynamic analysis results are compared
with the ssimplified method of analysis discussed in Section 2.

The use of viscous dampers implemented at the base of the structure is then considered as
the passive energy dissipating control device. Relevant concepts are presented for use of the
simplified methods of analysis and design incorporating viscous dampers to controlled
rocking piers. The behavior of 2-legged piers with added viscous damping devices to
sinusoidal displacement controlled loading and seismic input is then presented for a few

cases.
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3.2 Response of Controlled Rocking Piers to Horizontal and Vertical Seismic
Excitation

The response of controlled rocking piers to both horizontal and vertical excitation is
discussed in this section. Response to solely horizontal excitation was presented in past
research (Pollino 2004). However, in an actual earthquake, the vertical component of
excitation should also be considered for the design or retrofit of such structures. Whilethe
site and structural properties will dictate how significant the influence of the vertical
component (or horizontal) is, a general methodology is proposed here for the combination
of effects. The results predicted using this methodology are then compared to results of

nonlinear time history analyses that include both horizontal and vertical excitations.

3.2.1 Prediction of Response Quantities

3.2.1.1 Maximum Pier Displacements

Themaximum pier horizontal displacement (A,) of acontrolled rocking pier can be predicted
using the simplified method of analysis discussed in Section 2.7. It is assumed that the
vertical component of excitation doesnot influencethisdisplacement. Thepier leguplifting
displacement (A, ) thus remains determined from the maximum pier displacement as was

done previously in Section 2 and is equal to:

w, . d
_ Y+ _
A |p L2 “Vh|d (3-1)
upl | “u k Z

o
where F,=maximum device force at the maximum displacement of the pier and all other

terms have been defined in Section 2.

3.2.1.2 Base Shear Force
The base shear response is influenced by the vertical acceleration of mass. The resulting
base shear force, P,, obtained from equilibrium of the pier forces shown in figure 3-1, is

equal to:

(3-2)
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wherew,=vertical tributary weight of pier, m =vertical tributary mass of pier, R,,=dynamic
amplification factor during rocking asaresult of uplift (definedin Section 2.6.2), a,=vertical
acceleration of mass. The other variablein the equation, i, isthelocal strength ratio of the
controlled rocking system defined as the ratio of the maximum device force to the vertical
tributary weight of theleg to which it isattached. For 2-legged piersit could be taken equal
to:

Fy

wv/2

n, = (3-3)

Figure 3-1 and the base shear force defined in (3-2), shows how the base shear force is
affected by the vertical acceleration of the mass. Upon rocking, theforcesresulting fromthe
vertical acceleration of the mass on the uplifting side of the pier (Ieft sidein figure 3-1) are

transferred to the leg in contact with the support (right pier legin figure 3-1).

1 2y 1/ 21,8y
v v
TILWIZ(Rdv'l) Fvo

‘L Y
Pu %/,R gy J“'/ 2Rar,
A 4 y
Rxi Rx
<+ “4
MY/

FIGURE 3-1 Free-body Diagram of 2-legged Pier Including Dynamic Effects
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Thereis a substantial difference in behavior and load path between a pier prevented from
uplifting from its support (restrained pier) and a rocking pier. The load path for forces
generated as aresult of vertical acceleration of the mass changes from being directed down
apier leginto thesupport (or reducing the uplifting force) for arestrained pier, to transferring
through the pier diagonalsto thelegin contact with the support for arocking pier. Thereare
some assumptions made in the previous statement regarding the relative stiffness of each
load path however this would be the general case and that which is typically assumed for
design. For the case of the restrained pier, no change in the base shear force would be
observed due to the vertical excitation of the mass because it would be offset by the equal
and opposite support reaction beneath the same leg. For the case of the controlled rocking
pier, thelack of an equal and opposite support reaction resultsin fluctuation of the base shear

response (seen in moment equilibrium about the base of the pier leg in contact).

In (3-2), the vertica acceleration of the mass (a,) could be set equal to the vertical spectral
acceleration value (S,) at thevertical period of the pier (T,), wherethe vertical period of the

mv/2 m,
T, =2m =2'n (3-4)
k, 2EA;Ih

where A =cross-sectional area of apier leg and h=height of the pier. The vertica spectra

pier istaken equal to:

acceleration value, S,,, would be determined based on the vertical design spectrum for the
site of interest. This would be the maximum expected vertical acceleration of the pier
resulting from the vertical excitation. Therefore, when combining with the effects of
horizontal excitation, a directional combination rule should be applied. For the design of
bridges, a100%-40% directional combination ruleis often applied to combine the effects of
multiple components of earthquake ground motion (ATC/MCEER 2004) to account for the
non-simultaneity of theresponse of each component. It may seem reasonableto simply apply
this combination rule to (3-2) where the first term is the result of horizontal excitation and
the second term resulting from vertical excitation. However, for anonlinear elasto-plastic
system designed for maximum displacement greater than 2.5 times its yield displacement

(ug>2.5), as shown in figure 3-2, 40% of the displacement response would still result in



1.00 __________.__.__.________._._.@;.__._,____.________e__.___;;_______i______._

P/P,

=
n
=
l
N

0.00 i 5 5 |
0 1 2 3 4
ne (AJAy)

FIGURE 3-2 Normalized Pushover Curve Showing Base Shear Forces Using 100-
40 Directional Combination Rulefor u;<2.5

formation of a plastic mechanism. Therefore, even when using the combination rule, the

forcesgenerated from formation of the plastic mechanism should be considered inthedesign
of thisnonlinear system regardless of whether the 100% or 40% is applied to the horizontal
response. However the factor Ry, in (3-2) that accounts for vertical excitation of the mass
resulting from the horizontal rocking response (as discussed in Section 2.6.2) isincluded in
the combination rulesincethisisaforceresulting from alinear-elastic mode. Therefore, the
base shear force including the effect of vertical ground motion and applying a directional

combination ruleis defined as;

+
<o
~

P, +10-P

u,s u,st (

R, -1)

P, 100-40 = Max (3-5)

P, +04:P, (R;-1)+ 10

where P, j=static base shear resulting from formation of the plastic mechanism and is equal

to:
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w

Pu,st =" (1 + T]L)

e} (3-6)

SEESY

3.2.1.3 Foundation Reaction and Pier Leg Axial Force
The maximum foundation reaction can also be determined from the free-body diagram of

figure 3-1 and as such is equal to:
WV WV
szRf,st-Fmv.av * Fvo * T(RdL_l) + 7 (1 +nL).(Rdv_1) (3'7)

where R; ;=force generated statically as aresult of uplifting and yielding of the device and

issimply equal to:

Riw =5 (24 my) (3-8)

F,,=force resulting from the mass tributary to a pier leg impacting the foundation with

velocity v, and can be calculated as:

FVO = vO. v2

where k =axia stiffness of a pier leg and v,=velocity upon impact of the pier leg with the
foundation and a method to predict thisvelocity is presented in Section 3.2.1.4. Thefourth

(3-9)

and fifth termsin (3-7) are the dynamic effect of the weight tributary to a single pier leg
being suddenly applied as the leg returns to the support and the dynamic effect of the
remaining pier tributary weight and device force sudden transfer to the compressed pier leg
during uplift. ThefactorsR, and R,, are the dynamic amplification factors resulting from
the excitation of vertical modesof vibration and can be determined using concepts presented
in Section 2.

Similarly to the combination of forces for prediction of the base shear force, a directional
combination rule should be applied to (3-7) to account for the non-simultaneity in the
response due to multiple components of excitation. However, some of the forcesin (3-7)
develop as aresult simply from the horizontal rocking response (such as F,, and the terms
with factors R, and R, ) and their dynamic effects are combined using an SRSS modal
combination rule aso in accordance with ATC/MCEER (2004) for multiple modal effects
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inasingledirection. Using the 100-40 directional combination rule, the foundation reaction

could be determined as;

R+ 0.4°(mv-Sav) + 1°0'\/Fv02 +F 2+ Fup2

R = max > > 5 (3-10)
R+ 1.0°(mv°Sav) + 0.4-\/Fv0 +F2+F,

£100-40

The second term (m,S,) is the force resulting from vertical excitation using the vertica
spectral acceleration as done for the maximum base shear force. The fourth (F,) and fifth

(F,,) terms are equal to the fourth and fifth termsin (3-7).

The maximum pier leg axial force could conservatively be taken as the foundation reaction
force or could be reduced by accounting for the lower panel diagonal member’s force that
isdirected into the foundation (not applied to thelower panel leg). For apier inan X-braced

configuration (asshowninfigure 3-1) themaximum pier leg axial force could betaken equal

to:
m
P, +04- - 2-4 S | +1.0-yF 2+F?+F?
_ ’ 2 2h P
P1 100-40 = MAX (3-11)
’ P, +10| 22-9 g | +04-JF 2+ F2+F 2
uL,st+’ 7 _2_h av +°\/vo+w+up
where the statically generated pier leg axial force, P,_4 isequal to:
WY 4. 4d
PuL,st - 7 + 7(1 +11L) ( 1 E) (3-12)
ThetermsF,, and F,, are the same as defined for the foundation reaction and the fifth term,
F,, isequd to:
- Wv . - . - d
Fup—7(1+nL) (Ryy-1) (1 E) (3-13)

3.2.1.4 Maximum Impact Velocity

A method to cal culate theimpact vel ocity was presented in Pollino (2004) that cal cul atesthe
impact velocity from the pseudo-velocity of the structure and uses a correction factor from
Ramirez et. a. (2000) to account for the difference between relative and pseudo-vel ocity for

damped structures. However, this approach to estimate the impact velocity does not have
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arigorous theoretical basis for this type of structural system. Another method is proposed
here in which the velocity upon impact is determined using an energy balance approach
where the energy is equated at the point of maximum deformation (position 1, as seen in
figure 2-27) and just before the point of leg impact with the support (position 2 of figure 2-
27) with the energy dissipated by the passive energy dissipation devices included as work
done between these two points. Use of an elasto-plastic bi-linear yielding deviceisused in
the derivation presented here, but other types of energy dissipating devices could be

considered by equating their work done between these two points.

The energy baancein this case is defined as:

PE, +KE, +W,_, = PE, +KE, (3-14)
where the kinetic energy at position 1 (KE,) is equa to zero since the frame is at the
maximum deformation and has zero velocity. The potential energy at position 1 (PE,)
includes the internal strain energy developed in the frame members, gravitational potential
energy of the mass asthelegis uplifted, and strain energy in the steel yielding device such
that:
1R, Ll(&n]A 515
2k ®2 2{27%)H
where k,=frame laterd stiffness, A,,, =maximum uplift displacement of aleg and isrelated
to the maximum displacement of the frame by (3-1), and A, ,=Yyield displacement of the steel
yielding device. Thework done by the steel yielding device from position 1to 2 isequal to:

2A,,) (3-16)

upL B

w
Win=n 7‘; (A

The potential energy at position 2 (PE,) includes a smaller amount of strain energy in the
framemembers (asopposed to position 1) and no gravitational potential energy astheleghas

returned to the support such that:
2

1 (l _nL>
2 k,

WV
2

NIEY

PE, - (3-17)

Finally, the kinetic energy at position 2 (KE,) can be related to the vertical leg velocity as:
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h\% 1
KE, =—mv?:| =] += 3-18
- 2mv (4] 319
Pacing (3-15)-(3-18) into (3-14) and solving for v, resultsin:
2
_ 1 w1 g)? d
AN ETPETI R ) amaaeadion)| g
| = +
4\ d 2

This approach does not take into account work done by the ground motion during the time
the frame displaces from position 1 to 2. This could be considered the inelastic pseudo-
velocity of the controlled rocking system asis similarly defined for elasto-plastic systems
(Newmark and Hall, 1982).

3.22 Response History Analysis of 2-legged Piers to Horizontal and Vertical
Excitation

A few cases of controlled rocking piers are considered to evaluate the response under
horizontal and vertical seismic excitation. The representative pier properties of Section 2
with aspect ratios of 4 and 3 are used along with steel yielding devicesthat haveyield forces
corresponding to n,=0.50 and 1.0. The elastic stiffness of these devices are designed for a
local displacement ductility (u,) of 10 where:

A

upL
b= =2 (3-20)
Ay J

Thecaseof freerocking (n,=0) isalso considered. Theresulting devicepropertiesareshown

in table 3-1 along with the predicted response from the equations derived in Section 3.2.1.

3.2.2.1 Ground Motions

Spectra compatible ground accel eration time histories were used for the base excitation of
the analytical model and are generated using the Target Acceleration Spectra Compatible
TimeHistories(TARSCTHS) software devel oped by the Engineering Seismology Laboratory
(ESL) at the University at Buffalo (http:/civil.eng.buffalo.edu/users_ntwk/index.htm).
Synthetic ground motions were generated by TARSCTHS to match the elastic horizontal
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response spectrum for a site with the following arbitrary 5% damped spectral demand
parameters (S,=0.75g, S;=1.875g). Thevertica spectrum was assumed to have amagnitude
of 2/3 the horizontal and the motions had less, low frequency content in the record and had

a shape similar to that shown in figure 4-13.

3.2.2.2 Analytical Model

The dynamic response of the structure was predicted analytically using the program
SAP2000 (Wilson 2000). The model massis|lumped equally at the two nodes at the top of
each pier leg and actsin the horizontal and vertical translation DOFs. The pier’ sstructurd
members are assumed to remain elastic and are modeled with elastic frame elements. The
diagonal braces are modeled by members that can only resist axia forces (in tension and

compression).

Compression-only gap el ementswere attached to the base of thelegsinthevertical direction
that provided no resistance to movement vertically upward at the base of theleg. The gap
elementsin compression, however, were essentially rigid compared to the specimen itself,
asthe gap elements were provided with an elastic stiffness of 1750kN/mm, compared to the
axial stiffness of the pier leg of 116KN/mm.

The stedl yielding devices were modeled using the Wen (1976) plasticity property that is
defined by the elastic stiffness, yield force, post-yield stiffness ratio, and a parameter that
controls the smoothing of the transition to yield. The eastic stiffness and yield force were
assigned corresponding to the device properties stated intable 3-1. The post-elastic stiffness
was assumed to be 2% of its elastic value and the yielding parameter was set equal to 2.

Damping was assigned to the model in the form of a Rayleigh damping matrix with 2% of
critical damping assigned to periods of 2.5sec and 0.05sec. The upper limit of 2.5sec was
chosen to limit the influence of the mass proportional damping term on the structure after it
has uplifted from its base and the period of the rocking structure exceeds significantly the

fixed-base period (0.74sec for h/d=4 and 0.55sec for h/d=3). Thelower limitischosen such
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that the important higher modes of vibration are not over-damped but spurious high

frequencies modes of no significance are numerically damped out.

The gravitation weight of the specimen is modeled by statically applying these forces at the
top of each leg before conducting the dynamic analysis. The analytical model was excited
dynamically by applying the synthetic acceleration histories to the fixed supports.

Solution of the nonlinear equations of motion is performed using Newmark’s average
acceleration method (Newmark 1959). To ensure accuracy in the solution, a convergence
study was undertaken decreasing the size of the solution time step (At) and convergence
tolerance (defined in the program as the magnitude of the force error over the magnitude of
the force on the structure). Some of the key response quantities monitored were the pier leg
forces, gap forces, pier displacements, and uplifting displacements. Following a few
iterations, atime step of 0.0001sec and force convergence tolerance of 1E-10 was found to

provide accurate results and was used for all analyses.

3.2.2.3 Resultsand Discussion

The maximum response of each analysiswasrecorded and the average responseto the seven
synthetic records presented in table 3-1 as A, 1y, Ay 7 Pyrris @0d Py 1. The results show
the response is predicted reasonably well for the cases of n,=0.50 and 1.0 with the
displacementspredi cted reasonably cl osely and theforces predi cted with more conservatism.
However, for the case of free-rocking (n,=0), the pier forces from the time history anaysis
can be significantly greater than that predicted using the concepts presented above. Aswill
be discussed in more detail in Section 6, along with direct comparison with experimental

response traces, the analytical model has significant sensitivity to the damping model used.

3.3 Responseto Seismic Excitation with Near-Fault Char acteristicsand Simple Pulse-
Type Excitation

The response of controlled rocking piers subjected to ground excitation with near-fault
characteristicsis investigated in this section using analytical methods. Ground motions at

sites located close to afault may contain alarge pulse that can significantly influence the
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TABLE 3-1 Design and Analysis Results Considering Horizontal and Vertical

Seismic Excitation

h/d L kd A A I:)u I:>uL Au,'rH AupL,TH I:>u,TH I:>uL

u upL

(kN/mm)  (mm) (mm) (N) (kN) (mm) (mm) (kN)  (kN)

4 0 - 680 168 569 -4319 716 177 728 -5000
0.5 290 365 84.8 686 -4880 288 67.7 616 -4300
1.0 1080 218 45.9 904 -5500 212 455 662 -4410
3 0 - 620 202 762 -4490 468 154 1130 -4960
0.5 300 264 81.8 958 -5060 245 79.2 983 -4490
1.0 1100 160 45.0 1260  -5800 172 52.9 1020 -4500

response of structures (Alavi and Krawinkler 2004). Thebehavior isfirst investigated using
a set of recorded and synthetically generated records with this type of excitation and then
using ssimple pulse-type excitation. Focus here is placed on maximum developed pier
displacementsfor the representative pierswith aspect ratiosof 4 and 3. Theanalytical model
discussed in Section 3.2.2.2. isused here. However, large displacement analysis was a so
performed such that solution of the equilibrium equations are performed in the structure’s
deformed configuration and usesan updated L agrangian approach (Bathe 1996) for updating
nodal positions. Theinfluence of thelarge displacement analysison asampl e static pushover

curve of acontrolled rocking system is seen in figure 3-3.

3.3.1 SAC Sted Project Near Fault Motions

A set of 20 near-fault ground motions were used that were developed as a part of the SAC
Steel Project (Somerville 1997). Details of each of the motions are seen in table 3-2. Ten
of the motions (nf01-19) were recorded from actual earthquakes and ten were synthetically
generated (nf21-39). These probability of exceedance associated with theserecordsisa2%
in 50 year (MCE) earthquake event. Only the fault-norma component of the recorded or
generated records were used in the analyses. The component of ground motion parale to
thefault isnot considered heresinceit doesnot contain the pul se (or fling) characteristic that
isaresult of the fault rupture process and source-to-site wave propagation and is typically

observed only in the direction normal to the fault. The motions were not scaled to achieve
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FIGURE 3-3 Static Pushover Curve Showing I nfluence of Geometric Nonlinearity

in Analysis

atarget spectrum however theintensity and variability of the motionswere representative of
amagnitude 7 earthquake at a distance of 5km predicted by empirical models (Abrahamson
and Silva, 1997). Response spectra of each ground motion along with the average, and
average plus and minus a standard deviation is seen in figure 3-4. Thelast column of table
3-2 isthe period at the global maximum of the velocity spectrum of the motion which is

assumed to be related to the dominant period of the pulse (Alavi and Krawinkler, 2004).

Analysis was performed for the representative piers with aspect ratios of 4 and 3 that had
steel yielding devices with strength ratios (n,) of 0.50 and 1.0 and had an el astic stiffness of
46.4kN/mm and 92.8kN/mm respectively. The maximum displacement response was
predicted for each of the 20 ground motions using the simplified analysis procedure
discussed in Section 2.7 and uses each individual spectrum (nf01-39) for determination of
the maximum displacement from each ground motion. For reference, the average predicted
uplifting displacement would result in an axia strain of approximately 3.0% for buckling-

restrained braces sized to achieve the above properties.
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TABLE 3-2 SAC Near-fault Ground Motions Properties

EQ Description EQ Distance PGA PGV T, (sec)
Magnitude (km) (9 (cm/sec)
nfOl fn Tabas, 1978 7.4 1.2 0.90 110 0.74
nf03 fn Loma Prieta, 7.0 35 0.72 173 0.72
1989, Los Gatos
nf05 fn Loma Prieta, 7.0 6.3 0.69 178 1.01
1989, Lex. Dam
nf07 fn C. Mendocino, 7.1 8.5 0.64 125 0.72
1992, Petrolia
nf09 fn Erzincan, 1992 6.7 2.0 0.43 120 2.26
nfll fn Landers, 1992 7.3 1.1 0.71 136 3.97
nfl3 fn Nothridge, 1994, 6.7 7.5 0.89 174 1.30
Rinaldi
nfl5 fn Nothridge, 1994, 6.7 6.4 0.73 123 2.38
OliveView
nfl7 fn Kobe, 1995 6.9 3.4 1.09 160 0.89
nf19 fn Kobe, 1995, 6.9 4.3 0.79 174 1.23
Takatori
nf21 fn Elysian Park 1 7.1 175 0.86 96 1.31
nf23 fn Elysian Park 2 7.1 10.7 1.80 310 1.27
nf25 fn Elysian Park 3 7.1 11.2 1.01 155 1.76
nf27 fn Elysian Park 4 7.1 13.2 0.92 287 2.15
nf29 fn Elysian Park 5 7.1 13.7 1.16 251 2.03
nf31 fn Palos Verdes 1 7.1 1.5 0.97 274 2.38
nf33 fn Palos Verdes 2 7.1 1.5 0.97 288 2.59
nf35 fn Palos Verdes 3 7.1 1.5 0.87 263 1.82
nf37 fn Palos Verdes 4 7.1 1.5 0.79 195 1.63
nf39 fn Palos Verdes 5 7.1 1.5 0.92 265 2.67

'Pulse Period Taken as the Period at Maximum Value of Spectral Velocity
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FIGURE 3-4 Response Spectra of SAC Near-fault Ground Motions

Theresults of the dynamic analysesare shown in figure 3-5 for each case. It isobserved that
even with the pulse type characteristics of the ground motions considered, the ssmplified
analysis method provides reasonable prediction of response in terms of maximum
displacements. In general, it appears that as the intensity of the motions increases, larger

scatter in the prediction of response is present.

3.3.2 Simple Pulse-Type Excitation

A series of simple pulses were used to represent the fault-normal component of near-fault
ground motions and are based on the work of Alavi and Krawinkler (2004). This type of
excitation was used to hopefully provide trendsin controlled rocking response subjected to
simple pulses with varying pulse periods. The pulses used can be completely defined by
their shape, pulse period (T,), and the maximum pulse velocity (v, ..,). Theintensity of the

pulse, measured in terms of maximum pulse velocity (v, ..,,), is determined based on
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FIGURE 3-5 Analysis Resultsof SAC Near-fault Ground Motions (a) h/d=4,
n.=0.50, (b) h/d=4, n, =1.0, (c) h/d=3, n, =0.50, (d) h/d=3, n,=1.0

regression anaysis performed by Alavi and Krawinkler (2004) that relates the earthquake

moment magnitude (M,,) and source-to-site distance (R) such that:

v _ 10203 +0.65M,-047 log;,R)

) max (cm/sec)

(3-21)

The magnitude and distance were arbitrarily set in this study as 7.0 and 10km respectively
resulting in amaximum pulse velocity of 1122mm/sec. The two pulse shapes acceleration
historiesconsidered are showninfigure 3-6 normalized by each maximum pul seaccel eration
onthevertical axisand normalized by the pulse period (T,) on the horizontal axis. For pulse
P2, the maximum pulse acceleration (a,,,,,) is related to the maximum pulse velocity by:

4y

p,max

a
p,max T
p

(3-22)
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FIGURE 3-6 SimplePulse Acceleration Shapes (a) Pulse P2 and (b) Pulse P3

and the maximum pul se displacement (u,, ..,,) is then equal to:

v T
= 2= (3-23)

Up max = 4

The maximum pul se displacement of pulse P3 ishalf of P2 given by (3-23). The response
of controlled rocking pierswasinvestigated for pulses with pulse periods (T,) ranging from
0.25sec to 5.0sec in increments of 0.25sec. For each analysis, the peak pier displacement
was recorded and is shown in figure 3-7 plotted with the pulse period normalized by the
pier’ s fixed base period of vibration (T,) on the horizontal axis (T,=0.74sec for h/d=4 and
T,=0.55sec for h/d=3). For each case considered, the maximum displacement is reached at
pul se periods equal to approximately 3 to 5 timesthefixed base period of vibration for pulse
P2 and P3. However, for pulse P3 and the cases with n, =0, displacements exceeding half

3 — 4
“~h/d=4, nL=0 “=hid=4, nL=0
= h/d=4, n1.=0.50 =+ =4, nL=0.50
% L o= h/d=4, nL=1.0 ~=hid=4, nL.=1.0
b 3 -+ h/d=3, nL=0 3 4= hid=3, nL=0
¢ h # h/d=3, L=0.50 | |2 wd=3, nL=050
by %o =3 nlelo [1==hd=3, nL=1.0 gt

Au (m)
Au (m)

‘l.p“.U ] 8 2 3 .l.';.l.o 6
(a) (b)
FIGURE 3-7 Analysis Resultsof Simple Pulse-type Excitation (a) Pulse P2 and (b)
Pulse P3
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the base width of the structure (d/2) were reached and the displacements beyond this point
were not recorded since the analytical model would likely not be able to capture structural
behavior during overturning. Notethat for pulse P3 with T =5.0sec, the pul se displacement

isover 70cm (avery rare event).

3.4 Useof Viscous Damping Devices as Passive Control Device

Theuseof fluid viscousdamping devices (viscousdampers) asthe passive energy dissipating
control device was investigated in addition to the steel yielding devices which have been
discussed exclusively to thispoint. Such devices produceaforce response dependent on the

relative velocity across its two ends such that:

de=c-sgn(vd) |v,|™ (3-24)

where c=damping coefficient, a,=damping exponent, v =rel ative vel ocity acrossthe damper,
and sgn=sign function. Damping exponents in the range of 0.30 to 1.0 are common for
seismic applications and the value of the damping coefficient will depend largely on the
application. Many concepts related to the use of viscous dampers as the passive control
deviceinthisapplication are presented here that can be applied to the proceduresfor the use
of controlled rocking discussed previously.

3.4.1 Calculation of Work Done by Viscous Dampers

Inclusion of viscous dampersto acontrolled rocking pier will influence the cyclic hysteretic
curve (considering dynamic response) and the amount of energy dissipation of the system.
The calculation of the energy dissipated by viscous dampers implemented into building
structures has been derived previousy (Constantinou et. a., 1998) however the formulation
of thework donefor the casein which the dampers areimplemented at the uplifting location
(baseof the structure) isperformed herefor completeness. For acontrolled rocking 2-legged
pier undergoing a quarter cycle of motion (from point of maximum displacement and
returning back to the support, point 1to 2 infigure 2-27), thework done by aviscous damper

isequal to:

Wi 2= f F,,-du, (3-25)
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where F,=damper force and du,=relative differential displacement acrossthe damper. The
damper is assumed to be implemented vertically (parallel with a pier leg) such that the
relative damper displacement and velocity are in the vertical or z-direction. The damper
relative differential displacement and velocity are related by:

du,=u_dt (3-26)
Placing (3-26) and (3-24) into (3-25), the work doneis equal to:

Wygwa= [eie i di= [ea D ar (3-27)

Assuming sinusoidal motion between these two positions, the velocity can be described by:

i, =B,y ( E] ‘sin ( @J (329

sec seC
whereA,,, =maximum pier leg uplifting displacement defined by (3-1) and T .=secant period
of vibration defined by (2-31). Placing (3-28) into (3-27), the work doneis equd to:

T /4
a;+1 2% (a‘i+1) - . 2wt (a‘i+1)
Wl “2,vd " ¢ AupL( ‘ ) ) ( E] ) Sm a dr (3'29)
Evaluating this expression resultsin:
1 21 | % (a +1)
Wy 5u=—" (—J chA M ] (3-30)
| 4 TSOC v
where A is equa to:
r{1+%)
A= g4-0%. 2 (3-31)
[(2+a,)
and I'=gamma function and is equal to:
Dlag)= [ (%7 re™t (332
0

For adamping exponent (o.;) value of 1.0 (linear viscous damper), A (3-31) isequal to = and

the work done by the damper from (3-30) is equal to:
ﬁ
_ 2
Wi owa=¢ AupL 5T (3-33)

For reference, a damping exponent (o) value of 0.50 resultsin A equal to 3.496.

69



3.4.2 Maximum Impact Veocity and Damper Force

The expression for thework done by the viscous dampers of (3-30) can be used to determine
the maximum impact velocity similarly to that done previously for stedl yielding devices.
The maximum impact velocity isimportant for prediction of maximum pier leg forces and
is aso used to determine the maximum viscous damper force (using (3-24)). Using the
energy balanceapproach discussed in Section 3.2.1.4, the potential energy at position 1 (PE,)
isequal to (3-15) with n, =0 since the viscous damper force will equal zero at the maximum
displacement (position 1). The work done from position 1 to 2 is equa to (3-30). The
potential energy at position 2 is solely due to the strain energy of the pier’s membersand is
dependent on the force in the viscous damper at this position. However theinfluence of the
damper force on the internal strain energy of the pier is negligible such that the potential
energy at position 2 (PE,) could simply be determined from (3-17) with ), =0. Finally, the

maximum impact velocity could be taken equal to:

w
v = A — - W,
o ( upL 2 1—2,vd) (3_34)

The maximum nominal viscous damper force output could then simply be determined
combining (3-24) and (3-34) such that:

=c-v '™ (3-35)

Note that as was done previously, the calculation of v, in (3-34) is of the pseudo-velocity.
The difference between pseudo and relative velocity and potential influence of the vertical
component of motion should be included in some manner to ensure capacity protection of
the pier, device connections, etc. The use of nonlinear viscous dampers with o;<1.0 will
help alleviatethe sensitivity in output damper forcewith the uncertainty of maximumrelative
damper velocity compared to that of alinear viscous damper (a,=1.0). For this reason,

damping exponent values around 0.50 are commonly used in seismic applications.

A local strength ratio is defined here similarly for the use of viscous damping devices as:

cv ™
=—2 3-36
N, w2 (3-36)
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3.4.3 Prediction of Response Quantities
3.4.3.1 Maximum Displacements

The simplified analysis method used previously for the prediction of maximum pier
displacements can also be used when viscous damping devices are implemented. The
primary difference in the use of this method for viscous dampers is the work done by the
viscous dampers defined by (3-30) to equate the energy loss per cycle provided by the
viscous dampers and the equivalent damping for the controlled rocking system. The
equivaent viscous damping of the controlled rocking system can be determined as:
4- Wl—2,vd

aeff - éo + E->v¢'l - éo + 47 Wk (3_37)

where W, =stored strain energy in the system at the maximum displacement (A ) and istaken

as:

W,=—P,A, (3-38)

The maximum uplifting displacement can be determined using (3-1) with F,=0 since at
maximum displacement the controlled rocking system has zero velocity thus the viscous

dampers provide no force.

Note that since the device force is dependent on velocity, the controlled rocking system’s
ability to self-center isnot affected by the properties of the deviceused. Oncethe earthquake
has ceased, the structure can “slowly” re-center. This property of the controlled rocking
system with viscous dampersis an advantage over the steel yielding devices, alowing more
freedom on the sel ection of device capacity while still maintaining the self-centering ability

of the structure.

3.4.3.2 Pier Forces

The maximum base shear forceis predicted using (3-5) and replacingn, by n,, (3-36). The
maximum pier leg axia force can be predicted using (3-11), replacing n, by n,,, and
calculating the impact velocity with (3-34).
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3.4.4 Example Behavior of Controlled Rocking Pier with Viscous Dampers

The analytical response of a controlled rocking pier with viscous dampers implemented
verticaly at the uplifting location is presented in this section. The same analytical model
discussed in Section 3.2.2.2 isused herefor the representative pier with an aspect ratio of 4.
The behavior is first investigated by subjecting the pier to a sinusoidal displacement
controlled input at the top of the pier to show the primary differences in the hysteretic
behavior compared to the controlled rocking pier with steel yielding devices attached
(discussed in Section 2.6.1). Theamplitude of the sinusoidal input is585mm (2% pier drift)
and the period of input is set equal to the secant period (T,) for thisdisplacement amplitude
such that:

_p | 1730KN(0.02:29.26m) 44,

081 ™ | 1730kN 1 (3-39)
" sec? 2 4

The maximum pier horizontal velocity with this input is equal to 847mm/sec resulting in

maximum uplifting velocity of 212mm/sec (assuming rigid body rotation of the pier). The
viscous dampers properties were chosen to provide alocal strength ratio (n,,) of 0.67 with

adamping exponent of 0.50. Therefore the damping coefficient was set equal to:

w, 1730kN
nLv.7 0.67- ) sec ) 050 3.40
¢= - - 39.8kN( —) (3-40)
" (212 mm/sec >0 mm

Theviscous damper was model ed with the damper element in SAP2000 that usesaM axwell
model (Malvern 1969) and has an elastic spring in series with a nonlinear dashpot. To
achieve purely viscous behavior, the elastic spring is arbitrarily assigned a stiffness of
1750kN/mm to make it sufficiently stiff and to limit the spring deformations to
approximately 0.25% of the damper stroke. Using a spring stiffness excessively exceeding

the above value would have resulted in numerical problems and the analysis would not run.
The results are shown in figure 3-8 and are provided for an analytical model with zero

vertical massassigned at the top two nodes (dotted line), such that the higher vertical modes

cannot participate and the hysteretic curve from the primary rocking mode is more easily
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FIGURE 3-8 Controlled Rocking Behavior with Viscous Damping Devices,
Sinusoidal Displacement Controlled Excitation (a) Global Hysteretic Response and

(b) Damper Force-Displacement Response

seen. Thesameanalysisisrunwith thevertical tributary mass of the pier and the fluctuation
in the hysteretic curve due to the higher mode participation aso shown (solid ling). The
static backbone curveisa so shownin thefigure (thick dotted line) for reference. Thestatic
behavior is equivalent to that of afree-rocking system since the vel ocity-dependent viscous

devices do not participate statically.

Dynamic, time history analysisisalso performed for the two representative piers (h/d=4 and
3), the set of viscous damper properties just discussed, along with the set of synthetically
generated horizontal ground motions discussed in Section 3.2.2. to provide some dynamic
analysis results of the controlled rocking system with viscous dampers. Note that only
horizonta excitation is used in the analyses here. The results of anaysis are presented in
table 3-3 in avery similar manner to those discussed in Section 3.2.2. The displacement
response is predicted well while the pier force response is predicted with a significant
amount of conservatism. Thisisin part due to the conservative prediction of the viscous

damper force.
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TABLE 3-3 Design and Analysis Resultsfor Controlled Rocking System with

Viscous Damping Devices

h/d Au AupL deo I:>u PuL Au TH Aup|_ TH deo I:)u,TH I:>uL

(mm) (mm) (kN) (kN) (kN) (m’m) (mrh) (kN) (kN) (kN)

4 360 85.7 423 630 -3400 326 76.9 328 415 -2640

3 265 84.2 465 875 -3470 259 81.8 392 737 -2990

Further analytical results and discussion are provided as part of the experimenta testing
program (discussed in Sections 5 and 6) which included testing with a set of viscous
dampers. The analytical results are aso compared with experimental test results that
includes a controlled rocking specimen subjected to 3 components of seismic excitation. A
detailed set of response prediction calculations are presented in Appendix D for the
properties of the experimental specimen and viscous dampers used there and consider bi-

directional response of the pier.

3.5 Summary

Further development and investigation of the response of the controlled rocking approach
for the seismic protection of bridge steel truss piersisprovidedin thissection. A method for
the combination of key response parameters for a pier subjected to horizontal and vertical
excitation is discussed that builds on concepts from past research discussed in Section 2.
Nonlinear time history dynamic analysis is used to assess response of a pier subjected to
horizontal and vertical seismic excitation and then response of controlled rocking piers to
near-fault type of input is presented. For the bin of SAC near-fault ground motions, it is
shown that the ssimplified analysis method can predict the maximum displacements with
reasonabl e accuracy even with the significant pulse contained intherecords. Finaly, theuse
of viscous dampers asthe passive control device was discussed and someimportant aspects
of behavior derivedto allow implementation and design with such devicesinto the controlled

rocking approach.
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SECTION 4
ANALYSISAND DESIGN OF 4-LEGGED CONTROLLED ROCKING PIERSTO THREE

COMPONENTSOF EXCITATION

4.1 General

Bridges supported on steel truss piers often have many 2-legged piers primarily designed to
support gravity loads, that also resist transverse lateral loads but do not provide any
significant resistance to longitudinal lateral loads. Where 4-legged piers are used, they
providesupport for gravity loads, transverseloads, and arethe primary elementsfor resisting
longitudinal lateral loads (together with abutments) in some instances. Expanding the
controlled rocking concept devel oped earlier to makeit applicablefor the seismic resistance
of 4-legged piers requires the development of design equations considering ground motions

in two horizontal directions in addition to the vertica direction.

A typical 4-legged truss pier is shown in figure 4-1 aong with a defined coordinate system.
Also shownisadirectional vector that liesin the x-y plane at an angle o from the x-axisand
which will be used throughout this section. The kinematic and hysteretic behavior of a
controlled rocking 4-legged pier isdevel oped and theninvestigated using nonlinear static and
dynamic analyses and the observed results are used to establish rules and methods for the

design of controlled rocking 4-legged piers.

4.2 Cyclic Hysteretic Behavior of 4-legged Pier Considering Uni-directional Motion
The cyclic hysteretic curve for a 2-legged pier was developed “step-by-step” in Pollino
(2004) and the key variables are defined in Section 2. The cyclic hysteretic curve for a 4-
legged pier, displaced along the x- or y-axis (a=nn/2, n=0,1,2,...) can be defined in avery
similar manner and are provided in Appendix B for reference. The primary difference
between the uni-directional hysteretic behavior of 2-legged and 4-legged piersisthe use of
four steel yielding devices (oneat the base of each leg) and two pier framesin each direction.
The cyclic hysteretic curve defined in the appendix for 4-legged piers is only valid for
structural motion along oneof thepier’ sprimary axes. Notethat the uni-directional response

is not path dependent beyond the 2™ cycle.
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FIGURE 4-1 Typical 4-legged Pier and Defined Coor dinate System

On the contrary, aswill be shown in the next section, the bi-directional hysteretic behavior
ispath dependent and therefore can only be defined for the path considered. Asthestructure
moves in both directions in the horizontal plane, the changes in stiffness and sequence of
yielding of the devices depends on the path of the motion undergone. It ispossible for the
structure to uplift and yield three of the devices such that it is supported on a single leg.
Whileit isnot possible to know the path of the structure for design purposes, it isimportant
to understand the bi-directional behavior in order to predict bounds on itsresponsein terms

of displacements and forces.

4.3 Bi-directional Kinematic and Hysteretic Pier Properties

Compatibility, equilibrium, and force-deformation relationships for a 4-legged pier are
derived below to assist in the design of controlled rocking piers. For earthquake excitation
in two horizontal directions, it is possible for the pier to uplift such that it is at times

supported vertically on only one of itslegs. Inthat case, three of the steel yielding devices
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located at the base of the pier could yield, depending on the magnitude of their respective
uplifting displacements and the device properties. Assuming that rotation of the pier about
avertical axis does not occur (i.e. neglecting torsiona response), the top of parallel frames
undergo the same horizontal deformations. In other words, using the notation illustrated in
figure 4-1, the top of frames along lines 1-1 and 2-2 experience the same horizontal
displacementswhileframesalong lines 3-3 and 4-4 experience the same displacements. The
displacement of the top of each frame (A,) is the sum of deformations due to flexibility of
frame' s structural members (A,) and rigid body rotation at the base of the frame (A,,) (see
figure 4-2) such that:

A=A, 4 A, (4-1)
where the displacement due to deformation of the frame's structural members (A,) can be
determined using methods of structural analysis. For aframe with anumber (n,) of square
panels with diagonal members of equal cross-sectional area along its height and in an X-

braced configuration, this displacement can be defined as:

F 3 L}
Ao == Ff ” + 2 np (4‘2)
k, 3EI, 2Ed’4,

where k;=horizontal stiffness of the frame expressed in terms of the lateral displacement at
the top of the frame, F,=horizontal shear force applied to top of the frame, E=modulus of
elasticity of steel, |,=moment of inertia of the frame, L ,=length of truss diagonal, A ;=cross-
sectional areaof trussdiagonal and n,=number of pier panelsalong height. Thedisplacement
due to rigid body rotation of frame m (A, ) is related to the uplifting displacement of the
frame (A, ), Whichisdefined asthedifference of the uplifting displacement of thetwo legs
(i and j) of the frame such that:

Abr,Fm = Aup,Fm ) = (Aup,Li B Aup,Lj ) ) (4'3)

SN
Q=

where A,,,; and A, ; are the larger and smaller uplifting displacements of the frame legs

up,Lj

respectively, as shown in figure 4-2.

Since each pier leg “belongs’ to two frames (one in each of the x- and y-direction), the
uplifting displacement of any given pier leg is dependent on the pier lateral displacement in

the x- and y-direction. For example, considering a global displacement in the +x- and y-
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FIGURE 4-2 Kinematicsof Controlled Rocking Truss Pier
directions such that pier leg 4 is the only one remaining in contact with its support, the
uplifting displacement of pier leg 1 (seefigure 4-1 for pier leg numbers) can be determined
by summing the uplifting displacements of frames 4 and 1 or frames 2 and 3 (where frame
“X” hereisdefined as the frame located along line X-X in figure 4-1). Using frames 4 and
1, the uplifting displacement of pier leg 1 isdetermined using (4-1) to (4-3) wherei=1, =2,
and m=1 such that:

Fey | d
Apri =Dt Burr - = |7 (4-4)
I
where A, , can be determined using (4-1) to (4-3) with i=2, j=4, and m=4 such that:
Fry| d
Apr2=Bpra *| Byre ™ = | % (4-5)
I

where F;, and F, are the horizontal shear applied to frames 1 and 4 respectively. If thetop
of pier displacementsareinthe positive x- and y-directions, and ignoring torsion asindicated

earlier, then A, ¢=A, 5=A 0 Aues=A,r=A,y, ad A, ,=0. The corresponding uplifting

u,x? uy?

displacement of legs 1, 2, and 3 respectively is given by:

Fry +Fp,

Aup,LI = [ Au,x + Au,y B T

d
-— (4-6)
; h
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Fry| d
A=A, -22 (4-7)
up,L2 uy

kf h

Fpy| d
A lA - F].8 (4-8)
up,L3 u,x

kf h

If the hysteretic path to reach A, and A, results in the formation of the pier's plastic
mechanism defined asany pier displacement resultinginyield of three steel yielding devices,
the pier static free body diagram shown in figure 4-3ais obtained. From that diagram, itis
possible to separate each frame from the pier and draw free body diagrams of each frame as
shown in figure 4-3b (note columns from adjacent frames are shown twice). Through the

equilibrium of forces, the horizontal shear forceto frames1and 3is:

w, 1 d
Frpqy= ?“LEFd]'Z (4-9)
and the shear force applied to frames2 and 4 is:
3w, 3 d
FF2,4 = 8 + EFd 'Z (4‘10)

Notethelarger shear force on theframes attached to the pier leg that remainsin contact with

its support (frames 2 and 4 for the motion considered).

w w W w w W w W
w/4w/4 W/4w/4 /4 /4 /4 /4 /4 /4 /4 /4
Fp Fiy F; Fry
- i = " B t —> f
Fx’/ 1=
Fy
it b f 1 ¥ |
- - — - - - - -
ut-“\l LLr‘u LT-I‘_ 1 u:l Ll".‘\J u:‘i [-T:\I u:"'
- = = o = - = o
+ T+ + I+ + 1 -+ + +
< P W T = . =2
= I = o = @ = i
it Y b ! 1 Y |
N Ry, y b R,y R;, ) Ry R-“;‘ RJ) R L, Ry,
b
S ‘
é * + Fy Fy Fy Fq Fy Fy
d 3 )
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(@ (b)

FIGURE 4-3 Free-body Diagrams of Frames at Formation of Plastic M echanism
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4.3.1. Yield Displacements and Plastic Capacity Surfaces

The hysteretic behavior of controlled rocking 4-legged piers, considering bi-directional
response, is dependent on the pier’s displacement path. An infinite number of pathsis
possible. The hysteretic properties of the system are investigated here considering a
continuous linear horizontal displacement path in the a-direction for all possible values of

o (0-2n rad.) and are presented in the form of force and displacement interaction plots.

The bi-directional yield displacement (A, ,,) is defined as the vectorial displacement at the
top of the pier in the x-y plane when the last device yields such that:

A _=JA 2+A 2 (4-11)

YXy V. x »y

where A, and A, are the displacements in the x- and y-direction when the bi-directional

yield mechanism forms. For apier displacement in adirect linear path, asimple geometric

relationship exists between the x- and y-di splacements and the di splacement direction angle,
o

— Ay

tan o = Y (4-12)

Depending on the value of o, the pier isdisplacing morein either the x- or y-direction (or the
same if a=n/4) and controls the sequence of device yielding. For example, if the pier is
assumed to travel in a direct path from zero pier displacements (x=y=0) to A,, and A,
(A=A, tan a, Orad.< o, < /4 rad.) then device 1 will yield first, followed by device 3 and
then device 2. When oa=n/4rad., device 1 yields first then devices 2 and 3 yield
simultaneously. When a=0, n/2, &, 3r/2 rad., only two of the devices yield and they will
yield simultaneously (uni-directional response) and the yield displacement is defined asin
Appendix B. Figure 4-4 shows the sequence of device yielding for each n/4 interval of a.

The pier displacement, inthe smaller displacement component direction, whenthe 3" device
yields (A, i) can be determined from the kinematic frame behavior defined by (4-1) where
i and j are equal to the last number in the yielding sequence (figure 4-4) and the number of
the compressed leg (number not shown) respectively, such that:
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+A h

A = A, + Ab = up,Li.?J (4_13)

FF
"k
where F=frame shear force with leg in contact with support (4-10) and A, isequal to the
uplifting displacement at yield of the steel device considering 2™ cycle properties (2A,).
Finally, using (4-11) and the geometric relationship of (4-12), the bi-directiona yield
displacement (A, ,,) is defined as:

_ ) 1 2 1 B T 3m ]
Ayﬁ—\JAy)sc +(tam Ay,sc) =A,,, 1+tan2a Z< <Z T<m<T (4-14)

Xy Y,sc

A=A 1 +tan’a T<ca <ﬂ ﬂ< <Im
4 4° 4 4

Oncethe pier has reached the displacement defined in (4-14) to form the bi-directional yield
mechanism, the maximum static forces can be determined from the equilibrium diagramsfor

the pier shown in figure 4-3. It can be shown that the maximum shear forcesin each

2-(1,4) 2-1-4 1-2-3 1-(2,3)

2-4-1
2.4

4-2-3

4-(2,3) 4-3-2 3-4-1 3-(1,4)
3.4
FIGURE 4-4 Sequence of DeviceYielding for each Value of o
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direction is equal to the uni-directiona yield force, P, ,,, thus, F,=F =P, ,; and the bi-

directiona yield forceis:

Py = \/Fx2 * Fy2 - \/2°Fx2 - ‘/§°Py,uni @ %rad.’ n=0,1,2,.. (4-15)

To illustrate the physical implications of the above equations, bi-directional force and
displacement interaction plots are presented here for the representative pier from Pollino
(2004) with h/d=4, n,=0.5, and k,;=36.9kN/mm. These types of plots are developed
considering the structure to be subjected to displacement controlled and force controlled
loading in the a-direction. Following the structural response asit is subjected to each form
of loading and devel oping theforce and displacement interaction curveswill provideinsight

into the bi-directional structural behavior and its path dependent hysteretic response.

In the case of applying a constantly increasing displacement vector (or assuming a direct
linear path in the a-direction as done previously), the applied shear force vector changes
magnitude and direction to satisfy equilibrium and compatibility relationships. Considering
a constant displacement vector applied in the directions of a=atan(0.4/1.0)=21.8deg.,
o=atan(1.0/0.3)=73.3deg., and a=atan(1.0/1.5)=45deg. results in force and displacement
response of the controlled rocking system shown in figure 4-5. Note that the force and

displacement plots are normalized by the uni-directiona yield force (P, ;) and uni-

0.0 = = 0.0
0.0 035 1.0 1.5 0.0 1.0 20 3.0 4.0
Fx"f P}'.un] A‘.("'A_V.unl

(@ (b)
FIGURE 4-5 Pier Responsefor Displacement Controlled L oading (a) Base Shear

Force and (b) Global Pier Displacement
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directional yield displacement (A, ) respectively (defined in Section 2). Under thistype of
loading, the bi-directional yield mechanism will eventualy be reached for al values of a
(except a=nm/2, uni-directional response). Considering the path with
o=atan(0.4/1.0)=21.8deg., the bi-directional yield mechanism is developed when
A= (1004)A, .,
a=atan(1.0/0.3)=73.3deg., A,= (1.0/0.3)A,,,=3.33A,,,; (Or pg= 3.33) when the bi-

=25A,,; (Or pe= 2.5). Or gmilarly, for the path with

directiona yield mechanism forms.

On the other hand, applying a constant shear force vector requires changes in the
displacement path such that equilibrium and compatibility relationships are satisfied as the
magnitude of theforceisincreased. Force and displacement responseis shown for the same
directions (a=21.8, 73.3, 45deg.) infigure 4-6. The force response shows that the structure
will only undergo bi-directional yielding when a=45deg. For any other value of a,, oncethe

yield force isreached in either direction it will continue to displace in that direction.

Considering every case of a, bi-directional yield interaction curves could be plotted using
polar coordinates with o as the angular coordinate and the bi-directional yield force (P, ,,)
oryield displacement (A, ) astheradial coordinate. Both of theradial coordinate quantities
are defined as the magnitude of the vector formed by the x- and y-components of the

respective quantity at the point when the bi-directiona yield mechanism develops. For the

— a=45deg
—=— a=2]8dcg
a=733dcg

FIGURE 4-6 Pier Responsefor Force Controlled L oading (a) Base Shear Force
and (b) Global Pier Displacement
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case of an applied constant shear force, the yield force interaction surface is seen in figure
4-7a. Thecorresponding bi-directional yield displacement interaction plotisshowninfigure
4-7TbwhereA, ,, hasbeen defined by (4-14). Theresulting yield displacement interaction plot
is shown considering both pier flexibility and rigid pier members. For the case considered
here, with identical pier stiffnessin each direction and properties of devices attached to each
leg, an axis of symmetry existsin each plot every n/4 rad., as would be expected due to the

physical symmetry of the system.

Again, whilethisinformation doesnot providethe path expected to be taken during response
of acontrolled rocking pier, it will provideinsight into bounds of expected responsethat can

be used for design.

4.3.2 Example and Verification of Static Kinematic/Hysteretic Behavior

Nonlinear static pushover analysisis used to verify and illustrate the analytical expressions
defined above. The representative pier with aspect ratio of 4 (Pollino 2004) and device
properties used in the previous section are also considered here. An elasto-plastic model is
used for the steel yielding devices for comparison with the expressions derived above

although amore sophisticated model will be used for the dynamic analyses presented |ater.

Force Controlled
s Displacement Coni Flexible Pier

Rigid Pier

&a) (b)

FIGURE 4-7 Yidd Interaction Surfaces. (a) Yield Forceand (b) Yield
Displacement
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This example considers a progressively increasing displacement applied in the a-direction
such that a=atan(0.4/1.0)=21.8deg. Thisdirection of o was chosen to achieve amaximum
displacement following the 100%-40% directional combination rulethat is often applied for
the seismic design of bridges (ATC/MCEER 2004). The pier ispushed until adisplacement
equivaent to 2.0% drift isreached in one of the principal directions. The pushover curveis
defined as the resulting shear in the a-direction (F,,) versus the displacement along the a:-
direction (A,,). The resulting pushover curve is shown in figure 4-8. The pushover curve
changes slope 6 times as each of the three legs uplift from the foundation and each of the
steel devices yield. Results of the pushover analysis are compared in table 4-1 with the
response parameters derived earlier in this section. The maximum devel oped base shear is
equal to the pier’s plastic capacity defined by (4-15). As can be seen from the table, the
derived values of uplifting displacements and frame forces arein very good agreement with
the results of nonlinear pushover analysis, as expected. Thelargest discrepancy iswith the
pier displacement in the smaller component direction when the 3 deviceyields (Ays). The
differenceis about 4.7% and likely due to interaction between frames 2 and 4 (in this case)
since the additional axial deformation of leg 4 due to demands coming from frame 2 is not
included in the derivation of (4-13). Thedifferencein the bi-directional yield displacement
(A,4) is adirect result of the discrepancy of A . since the anaysis results show the
relationship between these two quantities defined by (4-14).

0.50 z
— — = Uni-directional
—— Bi-directional
0.40 Idealized Bi-directional
l.% : i
; 0'50 - J,' _". A L: i .................................................
= ;
v ;
v i
Z 020 sl By, oty gty g S
2
['c].u . P . I. .............. . ............................................... _ ...................... N b i S
0.00 F i

0 100 200 300 400 500
Pier Displacement in a- and x-direction (mm)

FIGURE 4-8 Bi-directional and Uni-directional Pushover Curves (2" Cycle

Properties)
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TABLE 4-1 Resultsof Nonlinear, Static Pushover Analysisand Values from
Developed Kinematic/Hyster etic Properties

Action Eq.# Vaue Analysis Result
A1 Uplift Disp. of Leg 1 4-6 193 193
ApL2 Uplift Disp. of Leg 2 4-7 49.0 48.0
Apis Uplift Disp. of Leg 3 4-8 137 136
Fe Shear of Frame 1 4-9 81.0 81.0
Fes Shear of Frame 3 4-9 81.0 81.0
Fe, Shear of Frame 2 4-10 243 243
Fea Shear of Frame 4 4-10 243 243
Pier Displacement when 3™ Device
Ay ) 4-14 231 239.6
Yields
Pier Displacement in Smaller
Ay Component Direction when 3" Device 4-13 85.7 88.9
Yields
Pyxy Bi-directional Pier Yield Force 4-15 459 459

*all unitsin kN and mm

4.4 Useof Simplified AnalysisMethod Considering Bi-directional Horizontal I nput
To determine maximum pier displacements, the capacity spectrum anaysis method
(ATC/MCEER 2004) was evaluated previously for 2-legged piers subjected to controlled
rocking (Pollino 2004) and shown to predict the maximum sei smic displacements of the pier
with reasonable accuracy for design. This method of analysis characterizes a MDOF
nonlinear system by alinear-viscous SDOF system. Thesimplification to the SDOF system
is done by developing the structural capacity (pushover) curve of the MDOF system, in a
particular direction, using a loading profile corresponding to the first mode of vibration
(assuming thisto bethedominant mode). Thehysteretic energy dissipated through nonlinear
behavior isthen converted to an assumed equivalent amount of viscous damping per cycle.
The seismic demand spectrum is then reduced as a function of this increased amount of

energy dissipation.
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However, questions arise using thissimplified analysis method for bi-directional horizontal
response such as, what path to consider in the development of the structural capacity curves,
and what should be the corresponding demand curves. Due to the path dependency of the
hysteretic behavior, the spectral capacity curve can vary for any path with =0 to a=45deg.
The case of a=0 (uni-directional behavior) provides alower bound on the structural force
capacity (P,,,) and on the energy dissipated per cycle since only 2 of the steel yielding
devices are activated. The path with a=45deg. provides an upper bound on the structural

force capacity (P,,, of (4-15)) and energy dissipated per cycle since all 3 devices are

Xy
activated at the smallest displacements compared to other pathsasseen infigure 4-7b. The
corresponding demand curve for uni-directiona response can be derived from the design
spectrum in one of the principal pier directions. However, use of the bi-directional capacity
curve requires some form of a bi-directional demand curve that has a larger spectrd
acceleration values in order to predict the bi-directional response. These concepts will be
presented in an example using two sets of spectral capacity and demand curves, one
considering uni-directional and the other bi-directional properties. A flow chartisshownin
figure 4-9 that illustrates the procedure of the simplified analysis method when considering

the two sets of properties.

4.4.1 Example Simplified Analysis (Uni-directional Behavior)

The same pier (hd=4, h=29.26m, k=6.25kN/mm, w,=1730kN, m,=m =w,/g) and steel
yielding deviceproperties(n, =0.5, k,=36.9kN/mm) that were used previously in thissection
are used here. In an actua design scenario, the devices would be calibrated to satisfy a
number of design constraints and pier properties (strength, stiffness) and in some cases the
pier may need to be strengthened or stiffened to satisfy the performance objectives (namely,
elastic response of the pier). This process has been detailed for 2-legged piers in Pollino
(2004).

The uni-directional spectral capacity curve is developed using the variables in Section 2
(P,p2=109kN, A,,,=8.7mm, P, ,;=324kN, A ,=94.5mm). The 5% damped demand spectrum

corresponding to this capacity curve could simply be taken as the design spectrum defined
in ATC/MCEER (2004). A sitelocated in Northridge, CA and seismic event with 3%
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probability of exceedencein 75 yearsis considered here. The spectral acceleration values
aretaken from the USGS with a short period (0.2sec) spectral acceleration, S, of 1.95g and
one-second spectral acceleration, S;, of 0.87g. Theresulting spectral demand curveand uni-

directional capacity curve for the pier are shown in figure 4-10.

The spectral demand curveisthen reduced to account for the energy dissipation that occurs
due to the plastic work of the devices, expressed as an equivalent amount of viscous
damping. The system’s equivalent viscous damping is determined using the following
expression:

Seir = o * Siys (4-16)
where £ =inherent structural damping (assumed to be 2%) and &, ~=hysteretic damping

provided by the steel yielding devices during rocking response and is taken as:

a,,yf%-%-(l-ul ] @17
L G2, uni
where g, ,=displacement ductility ratio considering 2™ cycle properties such that:
Au
B62,umi = A_y2 (4-18)

and where A, is the system yield displacement considering 2" cycle properties. Damping
maodification factors (ATC/M CEER 2004) are then used to reduce the demand spectrum for

2.50 -
2.00 koo
'lz'.an‘,rfF/g, T=1-0s€c
1.00 -

| P | [ P—— _&

_-’\u‘z_t;l 3mm

Spectral Acceleration (g) and P/W

___._E |
0.00 i
0 100 200 300 400 500 600

Spectral Displacement (mm)

FIGURE 4-10 Uni-directional Spectral Analysis Plot
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the amount of equivaent viscous damping. However, since the amount of hysteretic
damping isdependent on theunknown displacement (g, ., iN (4-17)), the processisiterative

until a displacement is converged upon.

Following afew iterations, the final spectral capacity and demand curves are al'so shownin
figure 4-10. It can be seen that a displacement of 443mm is predicted using this approach.

This pier displacement resulted in an equivalent damping ratio of:

05 2011} -002+0.17 = 0.19 (19%)
1+05 =« 443 mm (4-17)

94.5mm

£y = 0.02+

Typically, the design seismic demand can be assumed equal in each orthogonal direction;
however the maximum structural response does not occur simultaneously. If the uni-
directional pier properties considered are identical in each direction then the predicted
displacement in the x- and y-direction will be equal (A,,=A,,). Using a 100-40 directional
combination ruleto account for thenon-simultaneity of the maximum displacement response

would result in a displacement magnitude of:

u.

A, =V1.0?+0.4%-A =1.08-A, (4-18)

Therefore, applying a 100-40 directional combination rule suggests an increase in the uni-
directiona displacement demand by a factor of 1.08 and the maximum bi-directional
displacement predicted considering uni-directional capacity and demand curvesisequal to:

A, ., = 1.08 443 mm = 478 mm (4-19)

4.4.2 Example Simplified Analysis (Bi-directional Behavior)

For comparison and further discussion, the bi-directional capacity and demand curves are
developed. Thebi-directiona capacity curveisdefined by thebi-directional yieldforce, P, ,,
of (4-15), such that:

P, =y2-P =ﬁ-%(l+m)-%=ﬁ-173§kN(1+0.5) =458kN  (4-20)

y.xy y,uni

1
4
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andtheyield displacement, A, .., isgiven by (4-14). Thisyield displacement dependslargely

y.Xy?
on the displacement direction angle, o.. Theangle considered herefor design isbased onthe
100%-40% directional combination rule such that:

o = tan"! (‘1)—'3) - 0.38rad. (4-21)

Using (4-13) and (4-14), the yield displacement is equal to:

A, =| 389mm +2-855mm:- i) - |1+ 1 = 289mm  (4-22)
’ 1 [tan (0.387ad. )}

Thebi-directional spectral demand curve considersthe seismicdemandinthetwo orthogonal
directions. In most cases the seismic demand is assumed equa in the two orthogonal
directions and taken in the form of a site design spectrum. While this demand is assumed
the same in each direction (S,,=S,,=S,), each motion can be assumed to be uncorrelated in
each direction (i.e. not in-phase). Considering a100-40 directional combination rule, thebi-
direction design spectrum isformed from the uni-directional design spectrum by increasing

its magnitude by 1.08 such that:

S, =(1.0-S, .} +(04-5, )} = 1085, (4-23)

The equivalent viscous damping is obtained similarly to that for uni-directional response,

such that:

Ep = Eot 20y ] (4-24)
l+m, = U2

except that the displacement ductility, pg,,,, istaken as:
Au,

Moz ™ 4 40 -JZW (4-25)
using a 100-40 directional combination rule. Thisresultsin an idealized bi-linear capacity
curvewith a=0.38rad. asseeninfigure4-11. Theactud bi-directional capacity curveisalso
shown inthat figure. It isobserved that the two curves have the same maximum base shear
force and have an approximately equal amount of energy dissipation (area beneath capacity
curve). Notethat thefinal bi-directional spectral demand curves(i.e. the onesobtained after

iterating upon the displacement until asolution converges), are showninfigure4-11 and the
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FIGURE 4-11 Bi-directional Spectral Analysis Plot

predicted bi-directional displacement (A,,,) is shown to be equal to 380mm. Thus the

resulting maximum displacement in the x-direction is equal to:

A=Ay |[—1— =380mm- ! 353mm (4-20)
* T b tan? 1 +tan*(0.38 rad)

Thus the predicted displacement considering bi-directional behavior is less than that

predicted using uni-directiona behavior.

45 Design Applications

The design of acontrolled rocking pier for seismic design (or retrofit) requireslimiting pier
displacements and ductility demands to the device while capacity design principles are
applied to the pier and superstructure. The design process for 2-legged piers has been
illustrated in detail in Pollino (2004). Here, those concepts are expanded upon to discussthe
key design constraintsto achievethe performance obj ectivesfor controlled rocking 4-legged
piers. Also, simplified methodsof predicting the key response quantitiesto satisfy thedesign

constraints are discussed. More explicitly, these response quantities include pier
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displacements(or pier drift), uplifting displacements, and maximum pier forces(frameshear,

pier leg axial force).

45.1 Pier Displacements

Pier displacement limits will vary from bridge-to-bridge and should be met to achieve the
desired seismic performance of thebridge. Sincethedesignintent requiresthepier toremain
elastic and all inelastic action isto occur through rotations at the base of the structure, limits
on structural drift typically set to prevent excessive damage are not relevant for a controlled
rocking pier. Limits on the pier displacements may be set to ensure pier stability or to
prevent excessive movement of the bridge deck at abutments or other piers. For instance,
longitudinal bridge deck movement must be limited to prevent potential unseating of spans
whereit is connected with roller supports for thermal expansion. Maximum displacements
of a controlled rocking pier can be predicted using the capacity spectrum analysis method
discussed on Section 4.4.

4.5.2 Uplifting Displacements

Thedesign of the steel yielding devicesrequireslimiting the pier leg uplifting displacements
such that the devices behave in a stable, predictable manner during the design level of
excitation. Provided the maximum pier displacements are known, the maximum uplifting
displacement under bi-directional response is determined from (4-6) and using a 100-40

directional combination rules such that:

1.0A, _+0.40A Fp, +1 d
=| max u,x wy| __F " FH | & -
Aup,100—40 - (0.40A +1.0A k h “-2n
u,x uy f

Many types of steel yielding devices exist that could be used in this application to provide
bi-linear hysteretic behavior and dissipate energy through plastic deformations of steel.
Limiting of the uplifting displacement is presented here for the use of buckling-restrained
braces (AISC, 2005). For this type of sted yielding device, the limit on the uplifting
displacement can be expressed in terms of alimiting axial strain on the BRB’s inner steel
core through the following relationship:

A

up,100-40 < (sub) "Ly (4-28)

limit
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where (g,,)imi=l1mit on the maximum steel axial strain. The limit should be set based on
experimental test data and behavior of such devices under qualified cyclic testing with a
loading protocol representative of expected response under earthquake loading and at
displacements exceeding the strain limit set here. The AISC Seismic Provisions for
Structural Steel Buildings (2005) can provide guidance on the qualification testing of such
braces. Based on available literature on the behavior of such devices, awell-detailed BRB
can successfully sustain repeated cycling at axial strain levels of 3% or greater (Iwataet. a.
2000). The maximum uplifting displacements can be controlled by limiting the

displacements at the top of the pier and using (4-27).

4.5.3 Maximum Pier Forces

Maximum pier forces developed during rocking response need to be predicted
conservatively, such that the pier can remain elastic during a seismic event (capacity
protection), and with reasonabl e accuracy for an economical design. For the case of 4-legged
piers, the structure needsto be designed for its response under 3 components of earthquake
excitation. Maximum forces are determined using directional and modal combination rules
to combine the effects of bi-directional rocking of a pier subjected to 3 components of
ground motion including the dynamic forces that result from activation of higher vertical
modes from impact and uplift of the pier. The 100%-40% directional combination rule
(ATC/MCEER 2004) isused for combining horizontal and vertical excitation effectsand the
SRSS modal combination rule is used for the dynamic forces (a CQC moda combination
rule could aso be used in place of the SRSS rule). During the rocking response, the
impacting and uplift of pier legs causes the excitation of vertical modes of vibration as
discussed in Pollino (2004). The dynamic amplification factors determined for 2-legged
piers (R,, and R, ) are also applied to controlled rocking 4-legged piers.

First, consider force demands generated by the bi-directional horizontal response of apier.
For this nonlinear earthquake resisting system, the maximum generated static forces are
limited by the development of the plastic mechanism. Applying the 100%-40% directional
combination rule, forces are calcul ated as aresult of the simultaneous pier displacementsin

each direction (1.0A,,, and 0.4A,,; or vice versa) since the structureis nonlinear. Referring

uy?
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back to the discussion in Section 4.3.1, assuming a displacement aong a path with
o=atan(0.4/1.0)=21.8deg. results in development of the bi-directional yield mechanism (3
devicesyielding) if the larger direction has a global uni-directional displacement ductility
greater than 2.5 (1.0/0.4=2.5, pg,,=2.5). In other words, if the controlled rocking pier is
designed for at least aglobal displacement ductility of 2.5 in asingle direction, then the bi-
directional yield mechanism is expected to form, resulting in static forces as shown in the
free-body diagraminfigure4-3. Therefore, under these assumptions, regardlesswhether the
100-40, 40-100, or 40-40 combination of the two horizontal demands is used, the forces

resulting from development of the bi-directional yield mechanism should be considered.

The effect of the vertical excitation isincluded by determining the design vertical spectral
acceleration value at the vertical period of the pier, T,, which is taken equal to:

m_/4 m
T, =2n Y =2-; M (4-29)
k, 4EA,/lh

where A =cross-sectional areaof apier leg and m,=vertica tributary mass of thepier. This

isthe “fixed-base” period of the pier since the pier is intended to remain elastic during an
earthquake. However, one could argue that the vertical period increases as the pier uplifts
from its supports and becomes more flexible vertically, and the spectral acceleration value
could decrease as aresult of this phenomenon. However, for ssimplicity and conservatism,
the “fixed-base” spectral acceleration value is used here. The maximum vertical force

applied to the pier as aresult of the vertical excitation is thus simply equal to m,S,,.

Including the dynamic forces caused during impact and uplift along with the effects of
vertical excitation, the free body diagram of each pier frameis shownin figure 4-12. The
dynamic forces are all shown in figure 4-12 with their maximum values and all applied in

the same direction (downward).
Using these free-body diagrams forces in critical members, connections, and other

components can be determined by applying appropriate combination rulesto these demands

(since the forces shown are the maximums of each effect). Use of the combination rulesto
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FIGURE 4-12 Free-body Diagrams of Frames I ncluding For ces dueto Dynamic
Effects

determine critical pier forces, such as frame shear forces and pier leg axia forces, will be

presented in the next two subsections.

4.5.3.1 Maximum Frame Shear

Themaximum frame shear (P,) that devel ops, including dynamic effects, can be determined
using the free-body diagram of figure 4-12 applying the appropriate combination rules. The
maximum frame shear includes aterm from the uplift of the pier and yielding of the devices
timesthedynamic amplificationfactor during uplift (R,,) and theeffect of vertical excitation.
Using an absolute sum combination rule, the maximum frame shear can be determined
directly from equilibrium of forces shown in figure 4-12 such that:

3m d

P Y 4-30

P

uF,ABS ~ P

uF, st

R

where P . ;=maximum frame shear considering static response and is equal to (4-10).
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As discussed previoudly, application of the 100-40 directional combination rule to the 2
horizontal components of motion results in development of the bi-directiona yield
mechanismfor pg, ,,>2.5. However, when thethird (vertical) component isincludedin the
combination rule, the dynamic effect resulting during uplifting (R,,) is combined with the
vertical excitation using the combination rule due to their non-simultaneity and the design

frame shear forceis taken as:

3m, d
P+ 1.0-Pp (R, -1) + 0.4 2 -Sav-ﬁ

P, 100-40 = MAX Im p (4-31)
PuF,st +0.4- PuF,st.(Rdv - 1) + 1.0 8 - .Sav. Z

45.3.2 Maximum Pier Leg Axial Force
The maximum developed axial force in a pier leg (P,) can be determined by equating
vertical equilibrium from figure 4-12. Applying an absolute sum combination rule, the

foundation reaction (R;) beneath the pier leg is equa to:

mvkL w, 3w,
Rf=mv-Sav+vo- 1 + T-RdL+ 2 +3F,

Considering that two pier diagonal s connect to the base of the compressed pier leg, such that

‘R, (4-32)

their load is applied directly into the support, the maximum load on the pier legislessthan
the support reaction. Considering equilibrium at the base of the pier leg in figure 4-12 and
applying an absol ute sum combination rule (both directional and modal), theforce devel oped

inthe pier leg, P, , isdefined by:
m_ k

+Y . LA

N 4

p

+
ulL, st

2h

L8 +3mes |1-4
4 v av 4 v ayv

(4-33)

v 3w, d
...+T-(RdL—1)+ " +3F, -(Rdv—l)-(l—z—h)

The five terms are a result of uplifting and yielding devices, vertical excitation, and the
dynamic effects that occur during pier rocking. The first term, P, g, is the axial force
generated statically in the pier leg as a result of development of the bi-directiona yield

mechanism and is equal to:
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PuL,sf( %”'%) '(1-2%) +% (4-34)
The second term isthe pier leg force resulting from vertical excitation and will be noted as
F... Thethird term resultsfrom theinitial impacting of the pier leg after it has uplifted and
is returning to its support (F,,) with an impact velocity v,. The fourth term is the dynamic
effect of theweight tributary to asingle pier leg being suddenly applied astheleg returnsto
the support (F,). Thefifth term isthe dynamic effect of the remaining pier tributary weight
and devices forces sudden transfer to the compressed pier leg during uplift (F,). The
dynamic amplification factors, R,, and R, , are used to account for the vertica modes of

vibration activated as aresult of the rocking behavior and are discussed in Section 2.

To account for thefact that all of these forces are not occurring at the same instancein time,
directional and modal combination rulesare applied to (4-33). Aswasthe casefor usingthe
directional combination rule maximum frame shear forces, it is assumed that applying the
100-40 directional combination rule results in development of the bi-directiona yield
mechanism such that thefirst term, P4, existsinall combinations. Terms3, 4, and 5in (4-
33) arearesult of horizontal motion and excite different modes and are combined using an
SRSSmodal combinationrule. Finally, the second term (resulting from vertical excitation),
is combined using a 100-40 directional combination rule with the SRSS combination of

terms 3, 4, and 5 such that the maximum pier leg force is equal to:

P

uL, st

P

ulL,st

+04-F, +10+/F 2 +F?+F,2
P ve vo w up
+1.0°F,, +04+/F 2+ F?+F,2

uL, 100-40 (4-35)

= max

Theimpact velocity of the pier leg, v,, can be determined using the energy balance approach
developed in Section 3 where energy is equated at the point of maximum deformation and
just before the point of leg impact with the support with the non-conservative work done by
the energy dissipation devices included between these two points. This approach does not

takeinto account work done by the ground motion during the time the frame moves between
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thesetwo positions. Considering uni-directional motion (i.e. inthe x-direction) and the use

of an elasto-plastic sted yielding device, the impact velocity could be taken as:

1 w
2

1( K2 1 Ky x
— | =1 + =
4\l dl 2

However, in this case, the impact velocity depends on the pier’s motion in two directions.

vo,x = g

2
-1 d)? d
(Z) +2nLAyd+Au,xZ(l—nL) (4-36)

The maximum impact velocity is taken as the sum of the impact velocity as a result of the
of the pier's motion in the two horizontal directions (v,,, V,,) such that the total impact
velocity, v,, isequal to:

Vo = Vot Ve, (4-37)
Using a 100%-40% directional combination rule, the velocity in one direction (say, the x-
direction) is calculated using (4-36) with 1.0A,, and in the other direction with 0.4A,,

whichever produces the larger velocity.

4.6 Dynamic Analysis Example

A set of dynamic time history analyses are conducted to further investigate the bi-directional
response and to compare with the simplified analysis approach of Section 4.4 and thedesign
eguations presented in Section 4.5. The pier properties, energy dissipating devices, and
seismic demand parameters used are the same as those discussed in Section 4.4.1 and have
been used throughout the section. In that section, a generic set of stedl yielding device
properties are used (n, =0.5, k;=36.9kN/mm). Buckling-restrained brace dimensions that
provide these properties are A ,=9.23cn?, L,,=5.00m, and F,,=234MPa. The same
horizontal demand spectrum (shown in figure 4-13) is considered and the vertical spectrum
is determined by shifting the characteristic period of the horizontal spectrum, T, (definedin
ATC/MCEER 2004), to ashorter period range and reducing the amplitude of the horizontal
spectrum. For the case considered, the characteristic period is reduced by a factor of 1.55
and the amplitude is reduced by afactor of 1.25 resulting in the vertical design spectrum in

figure 4-13.
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4.6.1 Simplified Analysisand Design Response Predictions

Themaximum pier displacement in oneof the primary directions considering uni-directional
pier propertiesis predicted using the simplified analysis procedure and was shown equal to
443mm in Section 4.4.1 resulting in a total bi-direction displacement (using 100-40
directional combination rule) of 478mm. The maximum uplifting displacement can then be
calculated from (4-27), (4-9), and (4-10) and is equd to:

_81.1kN +243kN | 1
6.25kN/mm 4

A, 100-40 =| 1.0 (443 mm) +0.40 - (443 mm)

up,

142mm (4-38)

which results in a maximum buckling-restrained brace strain of:

A, 100- 142 mm
g, = 14100740 _ =0.028 (2.8% i
WL T 5000mm (2-8%) (4-39)

Thedynamic amplificationfactors(R,, and R, ) are determined using the methods presented
in Section 2 and are equal to 1.84 and 1.97 respectively. The vertical spectral acceleration
valueisdetermined fromthevertical spectrum of figure4-13 at thevertical period of the pier
(4-29) which isequal to:
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s (1730kN) - (29.26m)
=
4-g+(200GPa)- (171 cm?)

= 0.12sec (4-40)

The vertical period liesin the constant acceleration region of the spectrum and the vertical
spectral acceleration value is equal to 1.56g as seen in figure 4-13. The maximum frame
shear, from (4-31), is equal to 548kN and the maximum pier leg axial force is determined
from (4-35) and is equal to 4290KkN.

4.6.2 Ground Motions

Spectra compatible ground accel eration time histories were used for the base excitation of
the anaytical model and are generated using the Target Acceleration Spectra Compatible
TimeHistories(TARSCTHS) software devel oped by the Engineering Sei smol ogy L aboratory
(ESL) at the University at Buffalo (http://civil.eng.buffalo.edu/users ntwk/index.htm).
Synthetic ground motions were generated by TARSCTHS to match the elastic response
spectrum for the Northridge, CA sitediscussed in Section 4.4.1. Seven ground motions are
made for each direction (x, y, and z) matching the target design spectrum as shown in figure
4-13. Since the design spectrum is assumed equa in the two horizontal directions, 14

acceleration histories were randomly generated to match the horizontal design spectrum.

4.6.3 Analytical Mode

The dynamic response of the structure was predicted analytically using the program
SAP2000 and is very similar to the model used in Section 3 (with a large displacement
formulation) however a 3-dimensional analysis is performed for the 4-legged pier. The
model massis lumped in asingle node at the assumed center of mass (geometric center at
thetop of the pier) and actsin the 3 translation DOF. Thisnodeisthen constrained to move
asarigid diaphragm with the nodes at thetop of the pier legs. Thepier’ sstructural members
are assumed to remain elastic and are modeled with elastic frame elements with rigid end
offsets at the connection points. Thediagonal braces are modeled by membersthat can only

resist axial forces (in tension and compression).
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Compression-only gap elements were attached to the base of thelegsin thevertical and two
horizontal directions to simulate a base connection that relied on bearing to resist forcesin
these three directions (similar to a connection used for the experimental test specimen
discussedin Section 5.4.1). Thegap elementsprovided noresistanceto movement vertically
upward at the base of the leg, or horizontally towards the inside of the pier (directions that
would otherwise apply tension to the elements) and were assigned an elastic stiffness of
1750kN/mm.

A set of general steel yielding devices were modeled using the Wen (1976) plasticity
property and an elastic stiffness and yield force were assigned corresponding to the device
properties stated above (n, =0.5, k,=36.9kN/mm). A post-elastic stiffness was assumed to
be 2% of its elastic value and the yielding parameter was set equal to 2.

All other relevant details of the analytical model are discussed in Section 3.2.2.2 and 3.3.

4.6.4 Resultsand Discussion

The results of the seven time history analyses are shown in figure 4-14. All plots are
presented with the value of the design response quantity (calculated in Section 4.6.1) on the
horizontal axis (single value, x-coordinate) and the peak result from each time history
anaysis shown on the vertical axis (y-coordinate). The result of each time history analysis
is shown as a data point, along with the mean (large solid horizontal bar), mean+c, and
mean-c response (smaller horizontal bars connected to mean bar) of al results. Also, asolid
diagonal line on each plot divides the range of conservative and unconservative prediction
of response (y=x). Datapointsbelow thislinerepresent conservative prediction of response
for which the result of time history analysiswas|ess than the predicted response, and points
abovethelinerepresent unconservative predictions. Both uni-directional and bi-directional
pier displacements (A,,, A,,, and A,,,) are shown in figure 4-14a since the simplified
methods of analysis predict each of these quantities. The maximum of the uplifting
displacement of the 4 pier legs, frame shear force of the 4 pier frames, and axial force of the

4 pier legs are presented in figure 4-14b, ¢, and d respectively.
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The uni-directiona displacement values in the x-direction are predicted conservatively by
approximately 12% with respect to the mean result of the time history analyses and the y-
direction displacement predicted almost exactly. However, the bi-directional displacement
prediction is dlightly unconservative (~8% difference) using the 100-40 directional
combinationrule. Theuplifting displacement results deviate from the predicted response by
approximately the same percentage asthebi-directional displacement, A, (~9%), aswould
be expected since the uplifting displacement is primarily dependent on prediction of the
maximum bi-directional pier displacement and uses the 100-40 combination rule. The
maximum frame shear forceand pier leg axial force are predicted more conservatively (14%

and 16% difference, respectively).

4.7. Summary

The uni-directional and bi-directional kinematic and hysteretic properties of controlled
rocking, 4-legged steel truss piers have been investigated. Key variables for the cyclic
hysteretic behavior of controlled rocking piershavebeenidentified consi dering bi-directional
horizontal response and analytical expressions have been developed for their calculation.
Results of nonlinear static pushover analysis are presented and compared with results
obtained from these anaytically derived expressions, and shown to be in good agreement.
A simplified method of analysis has been proposed for prediction of maximum pier
displacements considering the path dependent hysteretic behavior of 4-legged controlled
rocking piers. Design rules have been established to determine maximum displacement
demands on the energy dissipating devices and to achieve capacity protection of the pier.
The design rules account for three components of ground excitation and dynamic effects
caused by impacting and uplifting during the rocking response. It was proposed that uni-
directional hysteretic properties be used for prediction of displacements since these
properties would provide alower bound on the pier’ s force and energy dissipating capacity
thus providing an upper bound on prediction of the maximum displacement. On the other
hand, bi-directiona hysteretic behavior is considered for prediction of maximum forces to
provide an upper-bound and conservative estimate of the force response. This could be
considered atype of bounding analysisfor design. Nonlinear dynamic time history analyses

were performed to assess the effectiveness of the proposed design rules. Results of the
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analyses found the design rules to conservatively predict response with respect to the mean
response, except that resultswere slightly unconservative when using the 100-40 directional
combination rule for prediction of displacement response (bi-directional pier displacement

and uplifting displacement).
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SECTION 5
SeEismMIC TESTING OF A 1/5-LENGTH ScALE 4-LEGGED BRIDGE PIER- DESIGN OF

SPECIMEN AND TESTING PROGRAM

5.1 General

The experimental testing program of this research was conducted in two phases in the
Structural Engineering and Earthquake Simulation Laboratory (SEESL) at the University at
Buffalo (UB). The primary differences between the two phases of testing were the
earthquake simulators and energy dissipating devices used during testing. Phasel testswere
conducted on a5 degree-of -freedom (DOF) shaketablethat could not apply input motion to
oneof the horizontal transation DOF. The experimenta specimen was attached to thetable
in two different orientations for testing during Phase I. In the first orientation (6=0), the
specimen was attached with two of itsframes parallel to the direction of horizontal shaking
and in the second orientation (0=45) the specimen was rotated (in plan) by 45deg. The
specimen is seen on the 5SDOF shaketablein each orientation in figure 5-1. The purposefor
this was to first investigate the uni-directional response of the controlled rocking system
under solely horizontal and horizontal and vertical motions. The specimen wasthen rotated
toinvestigate behavior that woul d be associated with bi-directional responseusingthe 5DOF
table. Phase Il of testing was performed on a 6DOF shake table that allowed investigation

of true bi-directional controlled rocking response.

The scaled model considered for testing isbased on aprototype bridge steel truss pier which
isdiscussed in Section 5.2. The prototype pier isconsidered to be representative of atypical
2-1ane highway bridge supported on such piers. Following similitude scaling requirements
and based on the avail able laboratory resources, a 1/5-length scale model was used in this
study. The experimental specimen utilized was a steel structure that has been used for
previous testing at UB (Yao 1991). Modifications were made to the existing structure to
satisfy similitude requirements deemed most relevant, and for connection of the stedl
yielding devices and artificial mass. The similitude scaling laws and factors are discussed
in Section 5.3. Section 5.4 providesthe important properties of the model specimen and the

passive energy dissipation devices used during each phase of testing. The experimenta
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testing facilitiesin the SEES Laboratory and instrumentation used are discussed in Sections
5.5 and 5.6 respectively. Finally, the model base excitation used is presented in Section 5.7
and the testing program described in Section 5.8.

5.2 Discussion of Prototype Pier

Prototype pier properties are based on a brief review of drawings of existing bridges
supported on stedl truss piersthat was the basisfor the analytical work in previous sections.
The prototype bridge pier is assumed to support a segment of a 2-lane highway bridge deck
between the bridge’ sabutments. The pier isassumed to have atributary inertial massinthe
longitudinal and transverse directions equal to its vertical mass. In general, steel truss pier
diagonals tend to have a constant cross-section in each pier panel and pier legs are
continuous over its height. Connection of beam members to pier legs typically were such
that they could be considered pin-connected however moment resisting connection details
were observed in some cases. Connection of the bridge deck to pier varies considerably
depending on the type of bridge bearing used. For the purpose of this study, the connection
of the bridge deck to pier is assumed to be pin-connected near the top of each pier leg.

Prototype pier properties deemed relevant for dynamic testing are given in table 5-1

5.3 Similitude Scaling and Artificial Mass Simulation

The design, construction, and testing of any structural model must follow aset of similitude
requirements in order for the behavior of the model to truly replicate that of the prototype
structure. The fundamental quantities (Q) relevant for modeling of dynamic behavior are
length (L), force(F), and time (T). Dueto limitations of available materials to replicate the
inelastic response expected to occur as aresult of earthquake loading and the requirement
of constant acceleration scaling (gravitational acceleration existsin both the prototype and
model), an artificial mass simulation scaling law is often used. This scaling law has been
used in many experimental testsinvestigating response of structures to earthquakes (Harris
and Sabnis 1999).

It was desired to have the largest scaled model reasonably possible given the available

resources in the laboratory (table size, capacity; vertical clearance). Model scale was
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ultimately controlled by the vertical distance from the shake table to a workable crane
clearance height (~7m). Thisled to amodel height of approximately 6m and alength scale
factor of 5 based on the prototype height of 29.3m.

Theimportant quantity scalefactorsrequired following theartificial masssimulation scaling
law are given in table 5-2. The scale factors, A, are defined as the ratio of the prototype
guantity to the model quantity such that:

Q 7010 e
A= —é — (5-1)
model

For constant acceleration scaling and since the model is made of the same materia as the
prototype (steel), the acceleration scale factor, A,, and the elastic modulus scale factor, A,
areequal to one. The length scale factor, A, istaken to be 5. Based on the scale factorsin
table 5-2, the required model properties and properties provided after modifications
discussed in Section 5.4 are shown in table 5-1.

It wasdiscovered that an existing slender steel specimenin thelaboratory, that has been used
in past testing, was available and provided most of the required relevant model properties
reasonably well. Additional details of the specimen can be found in Yao (1991). A
photograph of the specimenisshowninfigure5-1 onthe 5DOF shaketable. However, some
modifications were made to the existing structure to better satisfy similitude requirements
as well as for strength purposes. The primary similitude requirements targeted were the
“fixed-base” lateral and vertical period of vibration of themodel (T,,and T ,,), the shearing
mode period of vibration (T,,,), and the applied and restoring forces of the model, which
would be controlled primarily by the added mass. The specimen modificationsrequired are
discussed in more detail in Section 5.4.

Although an added massof 69.2kN/gisrequired by similitude, steel platestotaling 80.1kN/g
were used since they were readily available in the laboratory. Influence of the connection
of the added massto the pier specimen on possibly engaging the steel plateswasinvestigated
to ensure that the added mass did not artificialy stiffen the specimen and is discussed in
Section 5.4.3.
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5.4 Specimen Properties

The experimental model specimen isdiscussed in detail in this section. The specimen had
an aspect ratio of 4.0 thus matching the prototype aspect ratio. However, the specimen had
five truss panels along it height unlike the prototype structure that had square panels (thus
four panels along the height). Where appropriate, modifications are made to previously
developed equations to account for this difference in structural properties. To meet
similitude and strength requirements and to develop the desired rocking response,
modificationswererequired primarily at the base of the structure (Section 5.4.1). Thetruss
diagonal members aso needed specia consideration (Section 5.4.2). Forces used to design
the specimen were determined using concepts presented in Section 4 that consider bi-
directiona yielding and dynamic amplification resulting from the excitation of the vertical
modes of vibration. Connection of themasstothepierisdiscussed in Section 5.4.3. Design

of the passive energy dissi pation devicesand their connectionsarediscussedin Section 5.4.4.

54.1 BaseModifications

M odifications madeto the base of the pier specimen included removing existing base plates,
attaching new plates to the base of the columns; adding column flange cover plates, column
web doubler plates, beam-columntransverse stiffeners, and abase perimeter beam (coll ector

beam). Dimensions and weld details of these modifications are shown in figure 5-2.

The connection at the base of the pier legs to their supports is critically important in
devel oping the boundary conditionsthat allow the rocking response. As has been discussed
previously, the connection needstoresist translation (sliding) inthetwo horizontal directions
but should allow vertical trandlation (uplift) from the support. First, load cells were placed
beneath the base of each pier leg to record pier base reactions during testing. Connection of
the pier base to the load cells is done through a horizontal bearing “pit” connection using
angle members that are bolted to the top of each load cell as shown in figure 5-3. No
resistance is provided vertically through this connection except for friction that may occur
along an angle’s leg as the pier leg uplifts from the load cell. The angles were only placed
onthetwo outer sides of theload cellsin contact with the two outer sides of the column base

plates such the horizontal shear force of the pier would not be transferred at the base of the
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uplifting pier legs. Such placement of the angle memberslimited the amount of contact the
base of the pier legs would have with the base connection during uplifting while resisting
horizontal shear at the base of the other legs and thus preventing sliding. Shown in figure
5-4 is the assumed shear transfer at the base of the structure. The base connection is aso
capable of transferring torsion in the pier that may develop as a result of accidental

eccentricities.

5.4.2 Pier Diagonals
Pier diagonals were designed in order to meet similitude and strength requirements. The
existing specimen had moment-resi sting beam-column connections such that when the pier
diagonals were added, the specimen acted as a braced moment frame. The lateral flexural
stiffness of the existing moment frame could be determined using aportal frame method of
anaysis (Hibbeler 1999) to make the indeterminate system determinant by assuming points
of inflection at mid-span of the beams and mid-height of the columns, ignoring shear and
axial deformations, and resolving internal forces. Thelatera flexura stiffnessof thepieris
different considering whether bending of the pier legs occurs about their larger (K. uge) OF
smaler (k,,ue) Mmoment of inertia and shown to be equal to 0.52 and 0.34kN/mm
respectively. The bending (overturning) stiffness of the pier, k,,,, is calculated simply as:
_3E,L, '

h} h3

m

d, >
n2A4, <
L JmIm (5-2)

oBm

where n=number of frames acting in the direction of interest, A ,=cross-sectional area of
thepier leg, d,,,=center-to-center distance between thepier legs, and h,,=height of themode!.
The shear stiffness of the pier specimen from the added diagonals in an X-braced

configuration can be calculated as:

-1
" L, .
Ko =271 22 " (53)
i=1 2Adml.Emcos Gdi

where n,=total number of panels (i) along the height of the specimen, A ,,,=Cross-sectional
area of the diagonal in panel i, 6 ,=angle the diagonal in panel i makes with the horizontal,
L i=length of thediagonalsin panel i. Thetwo in the front of the bracketed term isdueto

109



the fact that the four legged specimen pier has two frames that act in each direction. The
total pier stiffnessisequal to:

1 1 )7
k = + =
- ( kon + koMFm koBm ] (5 4)

sincethemoment frameand diagonal membersact in parallel to resist the shear deformations

and the pier legs resist the pier’s overturning deformations.

The cross-sectional areaof the diagonal members(A,,,;) were sized such that the fixed-base
and vertical periodsof the specimen were closeto that required by similitudeand would have
the required strength to resist demands resulting from formation of the bi-directional yield
mechanism and the dynamic effects (discussed in Section 4.5). Considering an X-braced
configuration, resulted in the use of high-strength circular threaded rod (ASTM A193 B7,
c,~869MPa) diagonal bracing members with a 9.5mm diameter. Such members have
essentially no buckling capacity thus could not berelied onin compression. These members
would have likely undergone elastic buckling during testing creating atension-only bracing
system. The prototype was not designed as atension-only system and it was undesirableto
have the dynamic effects, generally associated with such a system, participate in the
response. Therefore, all diagonal bracing memberswere pre-tensioned to aprescribed axial
force level such that these members would have a net tension force during testing and not
develop compressiveforces. Thepre-tensioningwasachieved by using right and |l eft-handed
threaded rod for the bracing members and connecting them with a reverse threaded hex
coupler asseeninfigure 5-5. A strain gauge was attached on one face of the hex coupler to
measure strain and determine pre-tensioning force during installation and to measure force

in the bracing member during testing.

From the specimen propertiesin table 5-1, the overturing specimen of thepier, k ., isequal
to:

2
3(200GPa)|2-2 (15.5¢m?) 132¢m)

kg = 2| - 143kNimm (5-5)
(609cm )

The shear stiffness of the frame from the added diagonal membersis:
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L L s B
=2- '” + 4- =3.46 kN/mm (5-6)

24, ,E, cos’®, 24, ,5E, cos’0,,

k

oTm

Finally, the use of these diagonal members resultsin atotal pier lateral stiffness of:

-1
k= — ! . lkN = 3.00 KN/mm o
346 4034 Y 143 KV (5-7)
mm mm mm

With the added mass of 80.1kN/g, the theoretical lateral period of the pier specimen could

be taken as:

T =2 80.1kV - 033 sec (5-8)
(9810 mm/sec?)- (3.00 kN/mm )

Using these propertiesthe vertical modes discussed in Section 2 can be characterized by the
vertical pier stiffness, k, =51.1kN/mm (2-28), vertical shearing stiffness, k,=42.5kN/mm (2-
34), vertical period, T,=0.040sec (2-29), and vertical shearing period, T,=0.062sec (2-35).

5.4.3 Mass Connection

Connection of the bridge deck toits piersistypically achieved through the use of someform
of bearing (rocker, pot, elastomeric, cylindrical, spherical; AASHTO 1998). Each type of
bearing transfers |oads between the deck and pier by different mechanisms. For this study,

asemi-rigid connection of the mass plates to the truss pier is used.

The connection of the model’s mass is designed to transfer shear force in the horizontal
plane, vertical forces, and moments between themassand pier. The connection (figure 5-6)
uses 16-9.5mm diameter, fully tensioned high-strength threaded rods (ASTM A193 B7)
through the 2-90mm thick steel mass plates, adouble concave hardened steel bearing, mild-
steel connection plate, and 2-19.1mm plate washers. The shear force was assumed to be
transferred through friction between each piece. Using four fully-tensioned rods per
connection point could easily transfer the shear force demand however created a semi-rigid
connection that allows moment transfer through the connection and could potentially engage

the rigid mass, affecting the specimen’s dynamic response and artificially stiffen the
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structure. Also, additional moments would be applied at the top of the pier that need to be
designed for. Therotational rigidity of the connection, can be determined using methods of

virtua work and shown to equal:

_ EAmcr dmcr2 - 665 kN-m
(T -
L rad. rad.

mcr

(5-9)

where E=elastic modulus of the steel threaded rods (200GPa), A, =cross-sectional area of
the mass-connection rods (~53.2mm?), L ..=length of the mass connection rods (~250mm),

d,.,=distance separating the mass connection rods (125mm) as seen in figure 5-6.

The influence of the rotational rigidity of the connection was assessed by including the
connection in the analytical structural model of the specimen and performing eigenvalue
analysis. The connection was modeled with an elastic element that wasrigid in trandation
and had a rotational stiffness, k., about the x- and y-axis. No torsional stiffness was
assigned to the connection. The eigenvalue analysis was performed for models for the
“fixed-base” and “shearing” modes of vibration to determine the level of stiffening the
connection and mass added the specimen. The mode shapes resulting from these analyses
are shown in figure 5-7. The latera period is equal to 0.33sec and the vertical “shearing”
modal period isequal to 0.061sec and thus the mass connection did not affect the lateral or

shearing periods of vibration.

Therefore, the connection considered here, representing the connection of the bridge deck
to the pier doesnot appear to affect the response compared to theidealized model considered
inthisresearch. However, connection between the deck and pier isimportant in transferring

the deck inertiaforces.

5.4.4 Passive Energy Dissipation Devices

Steel yielding devices were designed and fabricated for both Phase | and Il of the testing.
Thedifferencesbetween the devicesused in each phasewill bediscussed later inthis section.
Also, as part of Phase |, aset of viscous dampers were implemented as the passive energy

dissipation devices in the controlled rocking system.
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Steel yielding devices with bi-linear hysteretic behavior were designed with connectionsto
provide only avertical forceto the base of the pier legs. Theimportant design quantitiesfor
the devices are the plastic device force, dastic stiffness, and maximum allowable vertical
displacement. Different steel yielding devices were considered for experimental testing
including buckling-restrained braces (AISC 2005) and shear panel devices (Zahrai and
Bruneau 1999). However, scaling both the braces and shear panels resulted in devices that

were not easily and reliably manufactured or fabricated at this scale.

The number of design parameters for TADAS devices (Tsal et. a. 1993) resulted in
dimensions of a device that could be fabricated at this scale. TADAS devices consist of
triangular platesthat yield in flexure uniformly aongitslength when ashear forceisapplied
on one end and the plates are bent about their minor axis. The plastic shear force of the
device, V , can be shown to equal:

Nyt Fy,

i (5-10)

T

where N.=number of plates, t;=plate thickness, b,=plate width at fixed support of device,
Fr=yield stress of steel (50ksi, ASTM A572 Gr. 50), and L,=length of plates from fixed
support to point of loading. The elastic stiffnessis equal to:

CEbNy[ ;)

eT
6 L,
Results of component and sub-assemblage testing (Tsai et. al. 1993) has shown the devices
able to easily withstand rotations of 0.15rad.

(5-11)

54.4.1 Phasel
For Phase | of testing, three sets of deviceswere designed and fabricated with local strength
ratios (n, =V ;;/w,,,/4) of 1.0, 0.67, and 0.33. Device dimensions were designed to limit
rotations on the device to 0.15rad. for the maximum level of shaking prescribed during
testing where the device rotation, y;, is defined as:

A

upL

YT_ L

(5-12)
T
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Fabrication drawings of each set of devices are shown in figure 5-8a. The ball bearing end
connections were used to ensure that only the vertical shear force would be transferred

between the device and pier leg asit uplifted from its base.

A sideview of the connectioninto thepier legisshowninfigure5-9. A “slider mechanism”
was designed that would alow easy installation and removal of devices between set-ups.
Thedlider utilizesslotted holesand adlip critical connection to allow themechanismto slide

down and bear onto to the devices ball bearing.

5442 Phasell

For Phase Il of the experimental testing, new sets of devices with local strength ratios (1)
of 0.67 and 0.33 were re-designed and fabricated. The design intent for the stedl yielding
devices in Phase | were to develop a specific plastic shear force and limit the rotation to
0.15rad. (a conservative design rotation). However thisled to flexible devices that did not
undergo significant ductility demandsduring testing especially after thedeviceswereontheir
“2" cycle” of response and required alarger uplifting displacement prior to yielding. New
devices were designed to maximize their elastic stiffness within practical limits while
limiting device design rotations to 0.30, thus allowing a larger ductility demand on the
devices. A new set of devices were not made for the case of ), =1.0 asit was found that its
elastic stiffnesswas al ready nearly maximized within the practical constraints. Dimensions
of the two new sets of devices (n,=0.67, 0.33) are shown in figure 5-8b. For comparison,
the static hysteretic pushover curve of the experimental specimen with each set of steel
yielding devices attached, considering 2™ cycle response and P-A effectsis shownin figure
5-10. It isseenin thefigure that the re-design of these two sets of devices alowed global
yielding of the specimen at a much smaller displacement compared to the initial design.
Table 5-3 lists the key dimensions and nominal properties of each set of the devices used
during testing.

Also, asapart of the Phase |1 testing program, the controlled rocking response with viscous
damperswasinvestigated to verify analytical methods presented previously and to compare

with the response with displacement-based stedl yielding devices. A single set of nonlinear
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viscous damperswereimplemented in avery similar manner asthe TADAS devices as seen
in figure 5-11. The nonlinear viscous dampers used were manufactured and graciously
donated by Taylor Devices of North Tonawanda, NY and were initially used as part of the
NEESWood Project by Dr. Michael Symansfrom Rensselaer PolytechnicIngtitue(RPI). The

nonlinear dampers had aforce output, dependent on the vel ocity across the damper equal to:

F

vdm

=c, - sgn(v) [v|* (5-13)

where ¢, =damping coefficient of 1.32kN(sec/mm)“, v=relative vel ocity acrossthe two ends
of the damper, sgn=sign function, and a,,,=damping exponent of 0.50. The dampershad a
stroke of + 31.75mm. These damper properties were the prescribed values however
component tests were not performed due to the limited time the dampers were available.
With the dampers implemented to a controlled rocking system as described, the dampers
would only primarily have a stroke in asingle direction as the pier legs uplifted from their
base. However, asdepictedinfigure5-12, dampersconnected to compressed (non-uplifting)
would undergo some amount of stroke as the base of pier rotates. In an attempt to prevent
the damper from reaching is stroke limit, the installation procedure called for attaching the
dampersin aposition that allowed for 9.53mm of strokein the other direction. However, as
will be shownin Section 6, thisstrokelimit was reached during testing and will be discussed

further there.

5.5 Experimental Testing Facilitiesand L oading System

55.1 Phasel

Phase | of the experimental testing program was performed on the SDOF shake table in the
SEESLaboratory at UB. Thetablecan achieveanominal acceleration performance of 1.15g
and 2.30g inthe horizontal and vertical directionsrespectively with a20-ton rigid specimen.
A photograph and dimensions of the shaketableisshownin figure5-13. Thetableisdriven
by 2 horizontal and 4 vertical hydraulic actuators that are programmable with feedback
control to simultaneously control displacement, velocity, and acceleration. The horizontal
actuators have astroke of =+ 150mm and the vertical ones have a stroke (= 75mm. The
actuators havetheability to control table movement in all DOF except trandationinthe E-W
direction.
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5.5.2 Phasell

Phase Il of the experimental testing component was performed on one of the two 6-DOF
rel ocatabl e shake tables (shown in figure 5-14a) availablein SEESL. A table extension was
attached to the table during testing that is 7x7m in plan. The table can achieve a nominal
acceleration performance of 1.15g and 1.15g in each of the horizontal directions and the
vertical direction respectively with a20-ton rigid specimen (not including mass of the table
extension). Thetableisdrivenineach horizontal direction by 2 hydraulic actuators, as seen
infigure 5-14b (without table extension). Each horizontal actuator isan MTS Model 244.4
hydraulic actuator with a dynamic force rating of 21 metric ton with a dynamic stroke of

+ 150mm. Thetableisdrivenvertically by 4 MTSModel 206.Swith adynamicforcerating

of 25 metric ton and adynamic strokeof + 75mm.

5.6 Instrumentation

Theinstrumentation used for both phases of experimentationincluded accelerometers, string
potentiometers, 8 strain gauge based load cells, and strain gauges that were attached within
the specimen. A Krypton K600 high performance dynamic mobile coordinate measurement
machine was used to measure displacements near the base of the structure. The
accelerometers used have a peak acceleration range of + 10g and a frequency range of O-
400Hz. The string potentiometers used have a total stroke of 1092mm and use a high-
resolution digital output with anominal resolution of 37pulses/mm. Two sets of strain gage
based load cells were used during testing, a set of larger capacity (black) load cells and
smaller capacity (yellow) load cells. Calibration of the set of black load cellsis discussed
in Appendix C. The calibration procedure for the yellow load cellsis very similar. The
black load cells were calibrated for 454kN axial (A), 89kN shear (Sx,Sy), and 24.9kN-mm
moment (Mx,My). Yellow load cells were calibrated for 133.6kN axial (A), 22.3kN shear
(Sx,Sy), and 3.4kN-mm moment (Mx,My). However, the mechanical capacity of the load
cells are larger and shown in the capacity spectrum in Appendix C. Electrical resistance
strain gages made by the Vishay Corporation were used. These gages can measurestrainin
therangeof + 3%, thusableto easily measurewithin the elastic range of steel. The Krypton
K600 coordinate measurement machine (shown in figure 5-15a) uses light emitting diodes
(LEDs) that can measuretrandationin 3 dimensionsat arate of 3000samples/sec/LED with
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an accuracy of approximately 190um for the LEDs at a distance between 5-6m (furthest
distance of LEDs used during testing).

5.6.1 Phasel

During Phase | of testing, a portable Pacific Instruments™ 6000 series data acquisition
(DAQ) system was used to manage and record all digital instrumentation signals except for
thedatarecorded from the K rypton machinethat used itsown proprietary acquisition system.
The portable Pacific allowed a total of 64 channels to be recorded. The Pacific system
supplied an excitation voltage to the various transducers (accelerometers, load cells, string
potentiometers, strain gages), amplified the transducer output signal, and low-pass filtered
theamplified signalsat acut-off frequency of 50Hz. All datawas sampled at arate of 128Hz
and recorded to PC hard disk in ASCII format.

The instrumentation layout for Phase | of the experimental testing is shown in figure 5-16
and the instrumentation list is given in table 5-4. Accelerometers were positioned on the
outer edges of the mass plates to measure horizontal mass accelerationsin the N-Sand E-W
directions and an accelerometer added to the center of the plates to measure vertica
acceleration. Accel erometerswereattached to the shake table to measure accelerationin the
horizontal and vertical directions. They were aso attached near the base of the specimen’s
columns to measure vertical accelerations upon impact. Two string potentiometers were
attached to the reference frame and one edge of the mass plates (as seen in figure 5-16) to
measurethetotal displacement inthe N-Sdirection and rotation of themassplates. Similarly
in the E-W direction, string potentiometers were attached to the crane rail and edge of the
mass plates to measure total displacement in this direction and rotation of the mass plates.
However, significant displacements in the E-W direction were not observed (as expected)
since the 5DOF table is not designed to move in this direction. The black load cells were
positioned beneath thelegs of the pier specimento measurethe axia and shear forces (x- and
y-directions) at the base of each column during testing. Moments (Mx, My) were aso
recorded during every test. The smaller capacity, yellow, load cells were attached between
the support column and fixed end of the TADA S device to measurethe TADAS shear force

and moment. Only the relevant shear and moment channel from these load cells were
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recorded dueto thelimitation of available channelson the portable Pacific DAQ system. As
discussed previoudly, stain gages were attached to each specimen diagonal to measure the
pre-tensioning force. During testing, only strains in the 1% panel diagonal members were
recorded dueto limitation of the number of channelson the DAQ system. Strain gageswere
also attached and oriented on the flanges of the collector beams such that axial forces and
moments about its major axis, at each end, could be determined. The Krypton diodes were
attached to the base of the specimen legs and the top end plate of black load cells to
determine the uplifting displacements of each leg. Diodes were aso attached and oriented
on the shake table to determine horizontal and vertical trandation of the table, and aso
rotation of thetable. More diodes are attached than absol utely necessary to determinethese
quantitiesfor redundancy. Notethat the Krypton machine hasitsown DAQ system thusdid

not occupy channels on the portable Pacific system.

5.6.2 Phasell

Instrumentation for Phase |1 of the testing was very similar to the previous phase of testing
with some minor changes since the number of data acquisition channels was significantly
increased with the use of the Pacific Instruments™ 6000 Mainframe. This DAQ system
functioned nearly identical to the portable Pacific DAQ system used in Phase | however it
allowed for a significant increase in the number of channels. The significant changes in
instrumentations were the addition of 4 string potentiometersthat were attached to the table
(Lin X-direction, 1 Y -direction, 2 Z-direction), additional redundant accelerometersto the
tablein the X- and Y -direction, all pier diagonal member strain gages in the 1% panel were
recorded, and 3 accelerometers were added on top of the mass to measure vertical
acceleration. During testing with the viscous dampers, load cells that were attached in-line
with the damper shaft (as seen in figure 5-11) were used to measure damper force. These
load cells were designed to only measure axial forces with acapacity of + 44.5kN. These

load cells were graciously provided by Dr. Michagl Symans of RPI.
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5.7 Base Excitation

5.7.1 Phasel, 6=0deg.

Theinput excitation to the shake tableincluded banded white noise excitation, three seismic
ground motion histories, and a series of pulses. The banded acceleration controlled, flat-
spectrum, white noise excitation had frequency content in the range of 0-40Hz and had a
PGA of approximately 0.05g. A sample white noise acceleration history isshowninfigure
5-17. Horizontal, vertical, and combined horizontal-vertica white noise tests were

performed.

The seismic ground motionsincluded the 1940 El Centro earthquake (array #9), the Newhal |
record from the 1994 Northridge earthquake, and a synthetically generated record. Under
similitude scaling laws, the accel eration of therecord is scaled by afactor, A, whichisequal
to one and thetime of therecord scaled by thefactor, A,, whichistaken equal to 2.24 in these
tests. The target acceleration histories of each motion, in prototype and model scale, are
shown in figure 5-18. The target pseudo-accel eration response spectrums from these three
motions, in prototype and model scale are shown in figure 5-19. For each set of test results
in Section 6, the target and achieved spectrums in model scale are presented to display the

actual base input to the specimen.

The series of pulses used were based on the smplified pulses used on Section 3.3 which
were generated to represent the fault-normal component of near-fault ground motions. The
pulses are completely defined by their shape, pulse period (T,), and the maximum pulse
velocity (V,n)- The intensity of the pulse, measured in terms of the maximum pulse
velocity, is based on regression analysis performed by Alavi and Krawinkler (2004) that
relates the earthquake moment magnitude (M,,) and source-to-site distance (R). The
magnitude and distance were arbitrarily set in this study as 7.0 and 10km respectively,
resulting in a maximum prototype pulse velocity of 1122mm/sec. This pulse velocity was
scaled for the experimental study by the velocity scalefactor, A, from table 5-2 (=2.24), and
thus equal to 468mm/sec. Three pulse periods were used during testing to investigate the

controlled rocking system’ sresponseto thistypeof input: 0.5, 1.0, and 1.5T,,,,, where T

o,wn? own
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isthe fixed-base period actually determined from white noise testing (=0.40sec). Thethree

pulses are shown in figure 5-20 along with their resulting pseudo-accel eration spectrum.

5.7.2 Phasel, 6=45deg.

With the pier in the second orientation (6=45deg.), the sametableinput discussed in Section
5.7.1 was used except the horizontal component of excitation was amplitude scaled by a
factor of 1.4. Theintent of this portion of phase | wasto investigate the type of behavior that
would be expected from bi-directional shaking however using the 5DOF shake table.
Amplitude scaling the horizontal table input by a factor of 1.4 was assumed to effectively
apply 100% of the motion to thetwo orthogonal directions of the pier. One major difference
between this and actual bi-directional input is the that these motions would be applied in-
phase to the two orthogona directionswhich does not occur during areal earthquake where

it istypically assumed that these two motions are uncorrel ated.

5.7.3 Phasell

Testing during phase Il used 3 components of tableinput sincetesting was performed on one
of the 6DOF shaking tables at UB. The motions used during these tests used atime scale
factor of 1.85 opposed to the value of 2.24 required by similitude and used in phasel. The
time scal e factor was changed since the actual, observed period of the specimen was 0.4sec
and the prototype period was 0.74sec (0.74/0.40=1.85). The Newhall record (H+V) from
phase | was used again but included its other horizontal component of motion. The
synthetically generated motion (H+V) from phase | was also used again and another
randomly generated motion with the sametarget spectrumas S1X wasused for the additional
horizontal component. Thetarget accel eration histories of the additional component of each
motion (Y -component), in prototype and model scale, are shown in figure 5-21. Thetarget
pseudo-accel eration response spectrumsof all threecomponentsfor eachrecord, in prototype

and model scale, are shown in figure 5-22.
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5.8 Testing Program

5.8.1 Phasel

Asdiscussed previously, Phase | included tests with the specimen oriented orthogonal to the
direction of shaking and rotated in-plan at an angle of 45deg. to the direction of shaking. For
each orientation, tests were run with the three sets of steel yielding devices (n,=0.33, 0.67,
and 1.0) attached and tests of the free-rocking pier (n,=0) for atotal of 8 set-ups. Table5-5
lists all of the tests performed during each orientation and set-up of Phasel. Testing of the
controlled rocking specimen began with the series of 3 white noise tests followed by the
seismic input and then the pulses. The three white noise tests were run following each full-
scaleinput. For thefirst set of devicestested in each orientation, the seismic motions were
initially run with 1/3 and 2/3 amplitude scaled inputs then the full-scale and similarly, the
pulses were run with ¥2 amplitude scaled inputs followed by the full-scale input. Thiswas
done for the initial set-up to verify instrumentation functionality, table performance, and
specimen behavior. Astesting continued, some of the lower-level seismic tests and white

noise tests were omitted.

5.8.2 Phasell

Thetest set-upsfor phasell included 3 sets of steel yielding devices (n,=0.33, 0.67, and 1.0,
two of which werere-designed as discussed previously), aset of nonlinear viscous dampers,
and tests on the free-rocking pier. Each test set-up began with a white noise test followed
by an earthquake record amplitude scaled to 35% of the target value simply to verify
instrumentation functionality, table performance, and specimen behavior. The Newhall
record was run at 100% amplitude followed by the Synthetic record at 100%. Following
completion of the two 100% amplitude tests, different records were run at higher amplitude
(150%+) for different set-ups. Table 5-6alists all tests performed during Phase Il with the
TADAS devices attached and for the free-rocking specimen. Table 5-6b lists all tests

performed with the nonlinear viscous dampers attached.

59 Summary
Details pertaining to the design, set-up, instrumentation, and testing program of the

experimental portion of this research was presented in this section. In particular, the use of
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an artificial mass simulation scaling procedure and the level to which the scaling laws were
met were discussed. The connection at the base of the pier legsiscritical in developing the
desired type of response and its details were presented. A number of different set-upswith
two types of passiveenergy dissipation deviceswas considered and subjected to many forms
of excitation to investigate its response. Recorded response quantities are discussed in the

following section and compared with different analytical procedures.
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TABLE 5-1

Prototype and Model Pier Properties

Quantity Prototype _ '
Required?® Provided"
Pier Height, h 29.3m 5.86m 6.09m
Pier Width, d 7.32m 1.46m 1.52m
Pier Aspect Ratio, h/d 4.0 4.0 4.0
Inertial Mass, m, (and m,) 1730 kN/g 69.2 kN/g 80.1 kN/g
Gravitational Weight, w,, 1730 kN 69.2 kN 80.1 kN
M aterial Elastic M odulus, E 200GPa 200GPa 200GPa
Pier Lateral Stiffness, ko, (and k) 12.6 kN/mm 2.52 kN/mm 3.00 kN/mm
“Fixed-base” Lateral Period of
Vibration, T, (and T,) 0.74 sec. 0.33 sec. 0.33 sec.
leed-ba§e V.ertlcaj Period of 0.13 sec. 0.058 sec. 0.040 sec.
Vibration, T,
Vertica Shearlng Period of 0.12 sec. 0.054 sec. 0.062 sec.
Vibration, T,
AL 155cm? 6.2cm? 15.5cm?
dy 732cm 146cm 132cm
157cm®
Ly 1035cm 207cm
178cm*
35deg°®
6; 45deg 45deg
43deg®
Ay 35.5cm? 1.42cm? 0.45cm?

®Required model properties determined from the prototype properties and “required” scale

factors from table 5-2

*Theoretical model properties provided by the specimen
“Propertiesin panel 1 of specimen
Propertiesin panels 2-5 of specimen
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TABLE 5-2 Mode Scale Factorsfor Dynamic Behavior Using Artificial Mass
Simulation Scaling Procedure

Dimensional Scae

Scaling Quantity Required Scale Factor

Requirements

Geometric Length, L A =5° 5.00
Area, A Aa= A2 25.0

Second M oment of Area, | Ay =Aha 625
Gravitational Acceleration, g Ag=A(h A)) = 1.0° 1.00
Acceleration, a Aa=Ael(A 2p) 1.00
Time, t M= TN, 2.24
Frequency, o Ao = ( XE/XP)/XL 0.447
Velocity, v A= AL A, 2.24

Elastic Modulus, E g =1.0° 1.0
Force, F Ap= Ag A2 25.0
Stiffness, k A=Al Ay 5.00

Stress, o ho=he 1.00

Strain, € A, =10 1.00
Mass Density, p Ao =hel (AL Ap) 0.200
Mass, m A=A, A3 25.0

Energy, e Ae=Ag A3 125
Impulse, | A=A g 55.9

3Geometric length scale limited by laboratory resources

®Acceleration scale factors equal to one due to model tested in 1-g acceleration field

°Elastic modulus scale factor equal to one due use of same material (steel) used for prototype and
model

124



TABLE 5-3 TADAS and Viscous Damper
Properties used in Experimental Testing?

TADAS, Phase |

nL N I-T tT bT kT ApT Ydesign udesign

T

1.0 4 839 953 508 834 213 0.5 6.3

0.67 2 133 127 605 347 363 0.15 55

033 1 159 143 572 138 457 0.15 52

Phase Il

nL N I-T tT bT kT ApT Ydesign udesign

T

067 2 889 111 540 7.02 183 0.30 14.6

033 1 889 111 540 352 183 0.30 14.6

Viscous Dampers

c a A(;Lmax Fd,max

1.32 0.50 63.5 44.5

aAll unitsin kN,mm
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TABLE 5-4aInstrumentation during Phase | of Experimental Testing Acquired
on Portable Pacific DAQ System

Channel # Descriptor Gage Location Units
1 LCIN SE Tower Leg kips
2 LC1Sx kips
3 LC1sy kips
4 LC1IMx kips
5 LC1My kips
6 LC2N NE Tower Leg kips
7 LC2Sx kips
8 LC2Sy kips
9 LC2Mx kips
10 LC2My kips
11 LC3N SW Tower Leg kips
12 LC3sx kips
13 LC3sy kips
14 LC3Mx kips
15 LC3My kips
16 LC4N NW Tower Leg kips
17 LC4Sx kips
18 LC4sy kips
19 LC4Mx kips
20 LC4AMy kips
21 LC5Sx SE Tower Leg kips
22 LC5Mx kips
23 LC6Sx NE Tower Leg kips
24 LC6Mx kips
25 LC7Sx SW Tower Leg kips
26 LC7TMx kips
27 LC8Sx NW Tower Leg kips
28 LC8Mx kips
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TABLE 5-4aInstrumentation during Phase | of Experimental Testing Acquired
on Portable Pacific DAQ System (Cont.)

Channel # Descriptor Gage Location Units
29 SP1 Top of Tower, X-direction (N-S) inches
30 SP2 Top of Tower, X-direction (N-S) inches
31 SP3 Top of Tower, Y -direction (E-W) inches
32 SP4 Top of Tower, Y -direction (E-W) inches
33 Al Top of Tower, X-direction (N-S) g
34 A2 Top of Tower, X-direction (N-S) g
35 A3 Top of Tower, Y -direction (E-W) g
36 A4 Top of Tower, Y -direction (E-W) g
37 A5 Base of SE Tower Leg, Z-direction g
38 A6 Base of NE Tower Leg, Z-direction g
39 A7 Base of SW Tower Leg, Z-direction g
40 A8 Base of NW Tower Leg, Z-direction g
41 A9 Table 0, X-direction (N-S) g
42 A10 Table 0, Y -direction (E-W) g
43 All Table 0, South End, Z-direction g
44 Al2 Table 0, North End, Z-direction g
45 SG1 Panel 1 Diagonal, East X-direction Frame -
46 SG2 Panel 1 Diagonal, West X-direction Frame -
47 SG3 Panel 1 Diagonal, South Y -direction Frame -
48 SG4 Panel 1 Diagonal, North Y -direction Frame -
49 SG5 Collector Beam (CB), East X-direction -

Frame, South End 1
50 SG6 CB, East X-direction Frame, South End 2 -
51 SG7 CB , East X-direction Frame, North End 1 -
52 SG8 CB , East X-direction Frame, North End 2 -
53 SG9 CB, West X-direction Frame, South End 1 -
54 SG10 CB, West X-direction Frame, South End 2 -
55 SG11 CB, West X-direction Frame, North End 1 -
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TABLE 5-4aInstrumentation during Phase | of Experimental Testing Acquired
on Portable Pacific DAQ System (Cont.)

Channel # Descriptor Gage Location Units
56 SG12 CB, West X-direction Frame, North End 2 -
57 SG13 CB, South Y -direction Frame, East End 1 -
58 SG14 CB, South Y -direction Frame, East End 2 -
59 SG15 CB, South Y -direction Frame, West End 1 -
60 SG16 CB, South Y -direction Frame, West End 2 -
61 SG17 CB , North Y -direction Frame, East End 1 -
62 SG18 CB , North Y -direction Frame, East End 2 -
63 SG19 CB, North Y -direction Frame, West End 1 -
64 SG20 CB, North Y -direction Frame, West End 2 -

TABLE 5-4b Instrumentation during Phase | of Experimental Testing Acquired
on Krypton Machine

Channel # Descriptor Gage Location Units
k1 KD1x SE Tower Leg, X-direction (N-S) mm
k2 KD1ly SE Tower Leg, Y -direction (E-W) mm
k3 KD1z SE Tower Leg, Z-direction mm
k4 KD2x NE Tower Leg, X-direction (N-S) mm
k5 KD2y NE Tower Leg, Y-direction (E-W) mm
k6 KD2z NE Tower Leg, Z-direction mm
k7 KD3x SW Tower Leg, X-direction (N-S) mm
k8 KD3y SW Tower Leg, Y-direction (E-W) mm
k9 KD3z SW Tower Leg, Z-direction mm
k10 KD4x NW Tower Leg, X-direction (N-S) mm
k11 KD4y NW Tower Leg, Y -direction (E-W) mm
k12 KD4z NW Tower Leg, Z-direction mm
k13 KD5x Table 0, SE, X-direction (N-S) mm
k14 KD5y Table 0, SE, Y -direction (E-W) mm
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TABLE 5-4b Instrumentation during Phase | of Experimental Testing Acquired
on Krypton Machine (Cont.)

Channel # Descriptor Gage Location Units
k1s KD5z Table 0, SE, Z-direction mm
k16 KD6x Table 0, NE, X-direction (N-S) mm
k17 KD6y Table 0, NE, Y -direction (E-W) mm
k18 KD6z Table 0, NE, Z-direction mm
k19 KD7x Table 0, SW, X-direction (N-S) mm
k20 KD7y Table 0, SW, Y -direction (E-W) mm
k21 KD7z Table 0, SW, Z-direction mm
k22 KD8x Table 0, NW, X-direction (N-S) mm
k23 KD8y Table 0, NW, Y -direction (E-W) mm
k24 KD8z Table 0, NW, Z-direction mm
k25 KD9x Table, NW, X-direction (E-W) mm
k26 KDYy Table, NW, Y -direction (N-S) mm
k27 KD9z Table, NW, Z-direction mm
k28 KD10x Table, NE, X-direction (E-W) mm
k29 KD10y Table, NE, Y -direction (N-S) mm
k30 KD10z Table, NE, Z-direction mm
k31 KD11x SW Load Cell Top Plate, W, X-direction (E-W) mm
k32 KD11ly SW Load Cell Top Plate, W, Y -direction (N-S) mm
k33 KD11z SW Load Cell Top Plate, W, Z-direction mm
k34 KD12x SW Load Cell Top Plate, E, X-direction (E-W) mm
k35 KD12y SW Load Cell Top Plate, E, Y -direction (N-S) mm
k36 KD12z SW Load Cell Top Plate, E, Z-direction mm
k37 KD13x SE Load Cell Top Plate, W, X-direction (E-W) mm
k38 KD13y SE Load Cell Top Plate, W, Y -direction (N-S) mm
k39 KD13z SE Load Cell Top Plate, W, Z-direction mm
k40 KD 14x SE Load Cell Top Plate, E, X-direction (E-W) mm
k41l KD 14y SE Load Cell Top Plate, E, Y -direction (N-S) mm
k42 KD14z SE Load Cell Top Plate, E, Z-direction mm
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TABLE 5-5 Experimental Testing Program (Phasel)

TADAS Orientation Test Type Excitation Intensity
Strength Ratio 0 Name S

n Direction

X Y Z
0.67 0 w hite noise wnh 0.05g - -
0.67 0 white noise wnv - - 0.05g
0.67 0 white noise wnc 0.05g - 0.05g
0.67 0 seismic EC33 33% - -
0.67 0 w hite noise wnh 0.05g - -
0.67 0 white noise wnv - - 0.05¢g
0.67 0 white noise wnc 0.05g - 0.05g
0.67 0 seismic EC67 67% - -
0.67 0 w hite noise wnh 0.05g - -
0.67 0 white noise wnv - - 0.05¢g
0.67 0 white noise wnc 0.05g - 0.05g
0.67 0 seismic EC100 100% - -
0.67 0 w hite noise wnh 0.05¢g - -
0.67 0 white noise wnv - - 0.05g
0.67 0 white noise wnc 0.05g - 0.05g
0.67 0 seismic NH33 33% - -
0.67 0 w hite noise wnh 0.05g - -
0.67 0 white noise wnv - - 0.05¢g
0.67 0 white noise wnc 0.05g - 0.05g
0.67 0 seismic NHG67 67% - -
0.67 0 w hite noise wnh 0.05g - -
0.67 0 white noise wnv - - 0.05g
0.67 0 white noise wnc 0.05g - 0.05¢g
0.67 0 seismic NH100 100% - -
0.67 0 w hite noise wnh 0.05g - -
0.67 0 white noise wnv - - 0.05¢g
0.67 0 white noise wnc 0.05g - 0.05¢g
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TABLE 5-5 Experimental Testing Program (Phasel) (Cont.)

TADAS Strength ~ Orientation Test Type Excitation Intensity
Ratio 0 Name o
n Direction

X Y Z
0.67 0 seismic Syn33 33% - -
0.67 0 white noise wnh 0.05g - -
0.67 0 white noise wnv - - 0.05¢g
0.67 0 white noise wnc 0.05g - 0.05¢g
0.67 0 seismic Syn67 67% - -
0.67 0 white noise wnh 0.05g - -
0.67 0 white noise wnv - - 0.05¢g
0.67 0 white noise wnc 0.05g - 0.05¢g
0.67 0 seismic Syn100 100% - -
0.67 0 white noise wnh 0.05g - -
0.67 0 white noise wnv - - 0.05¢g
0.67 0 white noise wnc 0.05g - 0.05¢g
0.67 0 seismic NH67hv 67% - 67%
0.67 0 white noise wnh 0.05g - -
0.67 0 white noise wnv - - 0.05¢g
0.67 0 white noise wnc 0.05g - 0.05¢g
0.67 0 seismic NH2100hv 100% - 100%
0.67 0 white noise wnh 0.05g - -
0.67 0 white noise wnv - - 0.05¢g
0.67 0 white noise wnc 0.05g - 0.05¢g
0.67 0 pulse p2tp020-50 50% - -
0.67 0 pulse p2tp020-100 100% - -
0.67 0 white noise wnh 0.05g - -
0.67 0 white noise wnv - - 0.05¢g
0.67 0 white noise wnc 0.05g - 0.05¢g
0.67 0 pulse p2tp040-50 50% - -
0.67 0 pulse p2tp040-100 100% - -
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TABLE 5-5 Experimental Testing Program (Phasel) (Cont.)

TADAS Strength ~ Orientation Test Type Excitation Intensity
Ratio 0 Name o
n Direction

X Y Z
0.67 0 white noise wnh 0.05g - -
0.67 0 white noise wnv - - 0.05¢g
0.67 0 white noise wnc 0.05g - 0.05¢g
0.67 0 seismic Syn50hv 50% - 50%
0.67 0 seismic Syn100hv 100% - 100%
0.67 0 white noise wnh 0.05g - -
0.67 0 white noise wnv - - 0.05¢g
0.67 0 white noise wnc 0.05g - 0.05¢g
0.67 0 seismic Syn125 125% - -
0.67 0 white noise wnh 0.05g - -
0.67 0 white noise wnv - - 0.05¢g
0.67 0 white noise wnc 0.05g - 0.05¢g
0.67 0 pulse p2tp060-50 50% - -
0.67 0 pulse p2tp060-100 100% - -
0.67 0 white noise wnh 0.05g - -
0.67 0 white noise wnv - - 0.05¢g
0.67 0 white noise wnc 0.05g - 0.05¢g
0.67 0 seismic Syn150 150% - -
0.67 0 white noise wnh 0.05g - -
0.67 0 white noise wnv - - 0.05¢g
0.67 0 white noise wnc 0.05g - 0.05¢g
0.33 0 white noise wnh 0.05g - -
0.33 0 white noise wnv - - 0.05¢g
0.33 0 white noise wnc 0.05g - 0.05¢g
0.33 0 seismic EC33 33% - -
0.33 0 white noise wnh 0.05g - -
0.33 0 white noise wnv - - 0.05¢g
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TABLE 5-5 Experimental Testing Program (Phasel) (Cont.)

TADAS Strength ~ Orientation Test Type Excitation Intensity
Ratio 0 Name o
n Direction

X Y Z
0.33 0 seismic EC100 100% - -
0.33 0 white noise wnh 0.05g - -
0.33 0 white noise wnv - - 0.05¢g
0.33 0 white noise wnc 0.05g - 0.05¢g
0.33 0 seismic NH67 67% - -
0.33 0 white noise wnh 0.05g - -
0.33 0 white noise wnv - - 0.05¢g
0.33 0 white noise wnc 0.05g - 0.05¢g
0.33 0 seismic NH100 100% - -
0.33 0 white noise wnh 0.05g - -
0.33 0 white noise wnv - - 0.05¢g
0.33 0 white noise wnc 0.05g - 0.05¢g
0.33 0 seismic Syn67 67% - -
0.33 0 white noise wnh 0.05g - -
0.33 0 white noise wnv - - 0.05¢g
0.33 0 white noise wnc 0.05g - 0.05¢g
0.33 0 seismic Syn100 100% - -
0.33 0 white noise wnh 0.05g - -
0.33 0 white noise wnv - - 0.05¢g
0.33 0 white noise wnc 0.05g - 0.05¢g
0.33 0 pulse p2tp020-100 100% - -
0.33 0 white noise wnh 0.05g - -
0.33 0 white noise wnv - - 0.05¢g
0.33 0 white noise wnc 0.05g - 0.05¢g
0.33 0 pulse p2tp040-100 100% - -
0.33 0 white noise wnh 0.05g - -
0.33 0 white noise wnv - - 0.05¢g
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TABLE 5-5 Experimental Testing Program (Phasel) (Cont.)

TADAS Strength ~ Orientation Test Type Excitation Intensity

Ratio 0 Name o

n Direction

X Y Z

0.33 0 white noise wnc 0.05g - 0.05¢g
0.33 0 pulse p2tp060-50 50% - -
0.33 0 white noise wnh 0.05g - -
0.33 0 white noise wnv - - 0.05¢g
0.33 0 white noise wnc 0.05g - 0.05¢g
0.33 0 seismic Syn100hv 100% - 100%
0.33 0 white noise wnh 0.05g - -
0.33 0 white noise wnv - - 0.05g
0.33 0 white noise wnc 0.05g - 0.05¢g
0.33 0 seismic NH2100hv 100% - 100%
0.33 0 white noise wnh 0.05g - -
0.33 0 white noise wnv - - 0.05¢g
0.33 0 white noise wnc 0.05g - 0.05¢g
0.33 0 pulse p2tp060-100 100% - -
0.33 0 white noise wnh 0.05g - -
0.33 0 white noise wnv - - 0.05¢g
0.33 0 white noise wnc 0.05g - 0.05¢g
0.33 0 seismic NH125 125% - -
0.33 0 white noise wnh 0.05g - -
0.33 0 white noise wnv - - 0.05¢g
0.33 0 white noise wnc 0.05g - 0.05¢g
0.33 0 seismic Syn150 150% - -
0.33 0 white noise wnh 0.05g - -
0.33 0 white noise wnv - - 0.05¢g
0.33 0 white noise wnc 0.05g - 0.05¢g

1.0 0 white noise wnh 0.05g - -

1.0 0 white noise wnv - - 0.05¢g
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TABLE 5-5 Experimental Testing Program (Phasel) (Cont.)

TADAS Strength ~ Orientation Test Type Excitation Intensity
Ratio 0 Name o

n Direction

X Y Z
1.0 0 white noise wnc 0.05g - 0.05¢g
1.0 0 seismic EC67 67% - -
1.0 0 white noise wnh 0.05g - -
1.0 0 white noise wnv - - 0.05¢g
1.0 0 white noise wnc 0.05g - 0.05¢g
1.0 0 seismic EC100 100% - -
1.0 0 white noise wnh 0.05g - -
1.0 0 white noise wnv - - 0.05g
1.0 0 white noise wnc 0.05g - 0.05¢g
1.0 0 seismic NH67 67% - -
1.0 0 white noise wnh 0.05g - -
1.0 0 white noise wnv - - 0.05¢g
1.0 0 white noise wnc 0.05g - 0.05¢g
1.0 0 seismic NH100 100% - -
1.0 0 white noise wnh 0.05g - -
1.0 0 white noise wnv - - 0.05¢g
1.0 0 white noise wnc 0.05g - 0.05¢g
1.0 0 seismic Syn67 67% - -
1.0 0 white noise wnh 0.05g - -
1.0 0 white noise wnv - - 0.05¢g
1.0 0 white noise wnc 0.05g - 0.05¢g
1.0 0 seismic Syn100 100% - -
1.0 0 white noise wnh 0.05g - -
1.0 0 white noise wnv - - 0.05¢g
1.0 0 white noise wnc 0.05g - 0.05¢g
1.0 0 pulse p2tp020-100 100% - -
1.0 0 white noise wnh 0.05g - -
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TABLE 5-5 Experimental Testing Program (Phasel) (Cont.)

TADAS Strength ~ Orientation Test Type Excitation Intensity
Ratio 0 Name o

n Direction

X Y Z
1.0 0 white noise wnv - - 0.05¢g
1.0 0 white noise wnc 0.05g - 0.05¢g
1.0 0 pulse p2tp040-100 100% - -
1.0 0 white noise wnh 0.05g - -
1.0 0 white noise wnv - - 0.05¢g
1.0 0 white noise wnc 0.05g - 0.05¢g
1.0 0 pulse p2tp060-50 50% - -
1.0 0 white noise wnh 0.05g - -
1.0 0 white noise wnv - - 0.05¢g
1.0 0 white noise wnc 0.05g - 0.05¢g
1.0 0 seismic EC100hv 100% - 100%
1.0 0 white noise wnh 0.05g - -
1.0 0 white noise wnv - - 0.05¢g
1.0 0 white noise wnc 0.05g - 0.05¢g
1.0 0 seismic Syn100hv 100% - 100%
1.0 0 white noise wnh 0.05g - -
1.0 0 white noise wnv - - 0.05¢g
1.0 0 white noise wnc 0.05g - 0.05¢g
1.0 0 seismic NH2100hv 100% - 100%
1.0 0 white noise wnh 0.05g - -
1.0 0 white noise wnv - - 0.05¢g
1.0 0 white noise wnc 0.05g - 0.05¢g
1.0 0 pulse p2tp060-100 100% - -
1.0 0 white noise wnh 0.05g - -
1.0 0 white noise wnv - - 0.05¢g
1.0 0 white noise wnc 0.05g - 0.05¢g
1.0 0 seismic Syn125 125% - -

136



TABLE 5-5 Experimental Testing Program (Phasel) (Cont.)

TADAS Strength ~ Orientation Test Type Excitation Intensity
Ratio 0 Name o
n Direction
X Y Z
1.0 0 white noise wnh 0.05g - -
1.0 0 white noise wnv - - 0.05¢g
1.0 0 white noise wnc 0.05g - 0.05¢g
0 0 white noise wnh 0.05g - -
0 0 white noise wnv - - 0.05¢g
0 0 white noise wnc 0.05g - 0.05¢g
0 0 seismic EC33 33% - -
0 0 white noise wnh 0.05g - -
0 0 white noise wnv - - 0.05¢g
0 0 white noise wnc 0.05g - 0.05¢g
0 0 seismic EC67 67% - -
0 0 white noise wnh 0.05g - -
0 0 white noise wnv - - 0.05¢g
0 0 white noise wnc 0.05g - 0.05¢g
0 0 seismic EC100 100% - -
0 0 white noise wnh 0.05g - -
0 0 white noise wnv - - 0.05¢g
0 0 white noise wnc 0.05g - 0.05¢g
0 0 seismic Syn67 67% - -
0 0 white noise wnh 0.05g - -
0 0 white noise wnv - - 0.05¢g
0 0 white noise wnc 0.05g - 0.05¢g
0 0 seismic Syn100 100% - -
0 0 white noise wnh 0.05g - -
0 0 white noise wnv - - 0.05¢g
0 0 white noise wnc 0.05g - 0.05¢g
0 0 seismic NH33 33% - -
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TABLE 5-5 Experimental Testing Program (Phasel) (Cont.)

TADAS Strength ~ Orientation Test Type Excitation Intensity

Ratio 0 Name o

n Direction

X Y Z

0 0 white noise wnh 0.05g - -

0 0 white noise wnv - - 0.05¢g

0 0 white noise wnc 0.05g - 0.05¢g

0 0 seismic NH67 67% - -

0 0 white noise wnh 0.05g - -

0 0 white noise wnv - - 0.05¢g

0 0 white noise wnc 0.05g - 0.05g
0.67 45 white noise wnh 0.05g - -
0.67 45 white noise wnv - - 0.05¢g
0.67 45 white noise wnc 0.05g - 0.05¢g
0.67 45 seismic EC33! 46% - -
0.67 45 white noise wnh 0.05g - -
0.67 45 white noise wnv - - 0.05¢g
0.67 45 white noise wnc 0.05g - 0.05g
0.67 45 seismic EC67 94% - -
0.67 45 white noise wnh 0.05g - -
0.67 45 white noise wnv - - 0.05¢g
0.67 45 white noise wnc 0.05g - 0.05¢g
0.67 45 seismic EC100 140% - -
0.67 45 white noise wnh 0.05g - -
0.67 45 white noise wnv - - 0.05¢g
0.67 45 white noise wnc 0.05g - 0.05¢g
0.67 45 seismic NH33 46% - -
0.67 45 white noise wnh 0.05g - -
0.67 45 white noise wnv - - 0.05¢g
0.67 45 white noise wnc 0.05g - 0.05¢g
0.67 45 seismic NH67 94% - -
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TABLE 5-5 Experimental Testing Program (Phasel) (Cont.)

TADAS Strength ~ Orientation Test Type Excitation Intensity
Ratio 0 Name o
n Direction

X Y Z
0.67 45 white noise wnh 0.05g - -
0.67 45 white noise wnv - - 0.05¢g
0.67 45 white noise wnc 0.05g - 0.05¢g
0.67 45 seismic NH100 140% - -
0.67 45 white noise wnh 0.05g - -
0.67 45 white noise wnv - - 0.05¢g
0.67 45 white noise wnc 0.05g - 0.05g
0.67 45 seismic Syn33 46% - -
0.67 45 seismic Syn67 94% - -
0.67 45 white noise wnh 0.05g - -
0.67 45 white noise wnv - - 0.05¢g
0.67 45 white noise wnc 0.05g - 0.05¢g
0.67 45 seismic Syn100 140% - -
0.67 45 white noise wnh 0.05g - -
0.67 45 white noise wnv - - 0.05¢g
0.67 45 white noise wnc 0.05g - 0.05¢g
0.67 45 seismic Syn67hv 94% - 67%
0.67 45 white noise wnh 0.05g - -
0.67 45 white noise wnv - - 0.05¢g
0.67 45 white noise wnc 0.05g - 0.05¢g
0.67 45 seismic Syn100hv 140% - 100%
0.67 45 pulse p2tp020-100 140% - -
0.67 45 pulse p2tp040-100 140% - -
0.67 45 pulse p2tp060-100 140% - -
0.67 45 white noise wnh 0.05g - -
0.67 45 white noise wnv - - 0.05¢g
0.67 45 white noise wnc 0.05g - 0.05¢g
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TABLE 5-5 Experimental Testing Program (Phasel) (Cont.)

TADAS Strength ~ Orientation Test Type Excitation Intensity

Ratio 0 Name o

n Direction

X Y Z

0.33 45 white noise wnh 0.05g - -
0.33 45 white noise wnv - - 0.05¢g
0.33 45 white noise wnc 0.05g - 0.05¢g
0.33 45 seismic NH67 94% - -
0.33 45 seismic NH100 140% - -
0.33 45 white noise wnh 0.05g - -
0.33 45 white noise wnv - - 0.05¢g
0.33 45 white noise wnc 0.05g - 0.05g
0.33 45 seismic NH67hv 94% - 67%
0.33 45 seismic NH2100hv 140% - 100%
0.33 45 white noise wnh 0.05g - -
0.33 45 white noise wnv - - 0.05¢g
0.33 45 white noise wnc 0.05g - 0.05g
0.33 45 seismic Syn67 94% - -
0.33 45 seismic Syn100 140% - -
0.33 45 white noise wnh 0.05g - -
0.33 45 white noise wnv - - 0.05¢g
0.33 45 white noise wnc 0.05g - 0.05g
0.33 45 pulse p2tp020-100 140% - -
0.33 45 pulse p2tp040-100 140% - -
0.33 45 pulse p2tp060-100 140% - -
0.33 45 white noise wnh 0.05g - -
0.33 45 white noise wnv - - 0.05¢g
0.33 45 white noise wnc 0.05g - 0.05¢g

1.0 45 white noise wnh 0.05g - -

1.0 45 white noise wnv - - 0.05¢g

1.0 45 white noise wnc 0.05g - 0.05¢g
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TABLE 5-5 Experimental Testing Program (Phasel) (Cont.)

TADAS Strength ~ Orientation Test Type Excitation Intensity
Ratio 0 Name o

n Direction

X Y Z
1.0 45 seismic NH67 94% - -
1.0 45 seismic NH100 140% - -
1.0 45 white noise wnh 0.05g - -
1.0 45 white noise wnv - - 0.05¢g
1.0 45 white noise wnc 0.05g - 0.05¢g
1.0 45 seismic Syn67 94% - -
1.0 45 seismic Syn100 140% - -
1.0 45 white noise wnh 0.05g - -
1.0 45 white noise wnv - - 0.05¢g
1.0 45 white noise wnc 0.05g - 0.05¢g
1.0 45 seismic Syn67hv 94% - 67%
1.0 45 seismic Syn100hv 140% - 100%
1.0 45 white noise wnh 0.05g - -
1.0 45 white noise wnv - - 0.05¢g
1.0 45 white noise wnc 0.05g - 0.05¢g
1.0 45 pulse p2tp020-100 140% - -
1.0 45 pulse p2tp040-100 140% - -
1.0 45 pulse p2tp060-100 140% - -
1.0 45 white noise wnh 0.05g - -
1.0 45 white noise wnv - - 0.05¢g
1.0 45 white noise wnc 0.05g - 0.05¢g
1.0 45 seismic NH67hv 94% - 67%
1.0 45 seismic NH2100hv 140% - 100%
1.0 45 white noise wnh 0.05g - -
1.0 45 white noise wnv - - 0.05¢g
1.0 45 white noise wnc 0.05g - 0.05¢g
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TABLE 5-5 Experimental Testing Program (Phasel) (Cont.)

TADAS Strength ~ Orientation Test Type Excitation Intensity
Ratio 0 Name o
n Direction
X Y Z
0 45 white noise wnh 0.05g - -
0 45 white noise wnv - - 0.05¢g
0 45 white noise wnc 0.05g - 0.05¢g
0 45 seismic EC67 94% - -
0 45 seismic EC100 140% - -
0 45 white noise wnh 0.05g - -
0 45 white noise wnv - - 0.05¢g
0 45 white noise wnc 0.05g - 0.05g
0 45 seismic Syn67 94% - -
0 45 seismic Syn100 140% - -
0 45 white noise wnh 0.05g - -
0 45 white noise wnv - - 0.05¢g
0 45 white noise wnc 0.05g - 0.05g
0 45 seismic NH67 94% - -
0 45 seismic NH84 118% - -
0 45 seismic NH100 140% - -
0 45 white noise wnh 0.05g - -
0 45 white noise wnv - - 0.05¢g
0 45 white noise wnc 0.05g - 0.05¢g
0 45 pulse p2tp020-100 140% - -
0 45 pulse p2tp040-100 140% - -
0 45 pulse p2tp060-100 140% - -
0 45 white noise wnh 0.05g - -
0 45 white noise wnv - - 0.05¢g
0 45 white noise wnc 0.05g - 0.05¢g
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TABLE 5-6a Experimental Testing Program (Phasell)

TADAS Strength Test Type Excitation Name Intensity
Ratio S
n Direction
X Y Z
0.67 white noise wnc 0.05g 0.05g 0.05g
0.67 seismic NH35 35% 35% 35%
0.67 seismic Syn35 35% 35% 35%
0.67 seismic Syn100 100% 100% 100%
0.67 seismic NH100 100% 100% 100%
0.67 seismic Syn150 150% 150% 150%
0.67 white noise wnc 0.05g 0.05g 0.05g
1.0 white noise wnc 0.05g 0.05g 0.05g
1.0 seismic NH35 35% 35% 35%
1.0 seismic Syn35 35% 35% 35%
1.0 white noise wnc 0.05g 0.05g 0.05g
1.0 seismic NH100 100% 100% 100%
1.0 seismic Syn100 100% 100% 100%
1.0 seismic NH150 150% 150% 150%
1.0 seismic Syn150 150% 150% 150%
1.0 white noise wnc 0.05g 0.05g 0.05g
0.33 white noise wnc 0.05g 0.05g 0.05g
0.33 seismic NH35 35% 35% 35%
0.33 seismic Syn35 35% 35% 35%
0.33 seismic NH100 100% 100% 100%
0.33 seismic Syn100 100% 100% 100%
0.33 seismic Syn150 150% 150% 150%
0.33 white noise wnc 0.05g 0.05g 0.05g
0 white noise wnc 0.05g 0.05g 0.05g
0 seismic NH100 100% 100% 100%
0 seismic Syn100 100%  100% 100%
0 seismic NH150 150% 150% 150%
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TABLE 5-6a Experimental Testing Program (Phasell) (Cont.)

TADAS Strength Test Type Excitation Name Intensity
Ratio S
Direction
Mo
X Y Z
0 seismic Syn150 150%  150% 150%
0 white noise wnc 0.05g 0.05g 0.05g

TABLE 5-6b Experimental Testing Program (Phasell, Viscous Dampers)

Test Type Excitation Name Intensity
Direction
X Y Z
white noise wnc 0.05g 0.05¢g 0.05g
seismic NH35 35% 35% 35%
seismic Syn35 35% 35% 35%
seismic NH100 100%  100% 100%
seismic Syn100 100%  100% 100%
seismic NH150 150%  150% 150%
seismic Syn150 150%  150% 150%
seismic NH175 175%  175% 175%
seismic Synl75 175%  175% 175%
seismic NH200 200%  200% 200%
white noise wnc 0.05g 0.05¢g 0.05g
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FIGURE 5-1 Experimental Pier Specimen on SDOF Shake Table (a) Orientation
06=0deg. and (b) 6=45deg.
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FIGURE 5-2 Column Base M odifications (weld dimensions, mm)
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FIGURE 5-4 Shear Transfer at Base of Pier Using “Pit” Connection
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FIGURE 5-6 Mass Connection Details
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FIGURE 5-7 Mode Shapes of Experimental Specimen Including Rotational Stiffness
of Mass Connection (a) Lateral and (b) Vertical Shearing Mode
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FIGURE 5-8 TADAS Dimensionsand Weld Details (a) Phase | (n,=1.0, 0.67, 0.33)
and (b) Phasell (n, =0.67, 0.33)
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FIGURE 5-10 Uni-directional Static Pushover Curvesfor Experimental Specimen
with Steel Yielding Devicesfor Phasel and Il of Testing
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FIGURE 5-11 Connection of Nonlinear Viscous Damper to Leg of Experimental
Pier Specimen
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FIGURE 5-12 Damper Stroke Resulting from Rotation of Compressed Pier Leg
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FIGURE 5-13 5DOF Shake Tablein SEESL

@ b

FIGURE 5-14 6-DOF Shake Tablein SEESL (a) With Extension Platform and (b)
Without Extension Platform showing Horizontal Actuators
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FIGURE 5-15 Krypton K600 Coordinate M easur ement Machine (a) Front View and (b)
Position in Front of Specimen during Testing
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FIGURE 5-18 Target Ground Motion Acceleration Histories (Phasel) in Prototype and
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SECTION 6

TESTING RESULTSAND COMPARISON WITH ANALYTICAL METHODS

6.1 General

Results of the testing program are presented in this section. The dynamic characteristics of
the specimen are determined using banded white noise accel eration input during the testing
history. The method for calculating the structure’s modal frequency and damping ratio is
discussedin Section 6.2. The propertiesof themodel do not change significantly throughout
the testing program since the structure is designed to remain elastic. Therefore following
discussion of the method used to of calculate these quantities, the dynamic characteristics
obtained from all the white noise tests conducted throughout the course of thisexperimental

program are not individually discussed, but are nonetheless provided in a series of figures.

The following sections discuss the reduction of experimental data recorded from various
instruments and compares this data with advanced and simplified analytical methods.
Section 6.3 explicitly describesthe methodsof processing thedatarecorded frominstruments
and calculation of important response quantities such as. relative pier displacement,
horizontal base shear forces, pier legaxial forces, uplifting displacements, deviceforces, and
device deformations. Also presented in this section are the results of tests conducted with
an input table accel eration amplitude of 100% or greater of thetarget. Section 6.4 compares
testing results with results of nonlinear time history analysisin terms of peak response and
time history traces of each response quantity. Differences in results are discussed and a
refined analytical model is developed based on the results obtained. Section 6.5 compares
the experimental results to the simplified analysis method and design equations devel oped
in Sections 3 and 4.

6.2 Identification of Dynamic Characteristics

6.2.1 Modal Frequencies

Asdiscussed in Section 5.7, banded white noise excitation was used for identification of the
model structure’ s dynamic properties. Response of the model structure during white noise

excitation was limited to the elastic range of response thus providing the fixed base pier
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properties, and could not capture the system behavior after uplift. The mode shapes,
frequencies, and damping ratiosof the structurewere determined usingamodal identification
technique based on pier transfer function response. Thetransfer functions are defined asthe
ratio of the cross and power spectrum between the top of pier and table accelerationsin a
particular direction. This definition of the transfer function has been termed in the past as
the H, estimator (Bendat and Piersol, 1980). Calculation of the transfer function consists of
processing of the raw acceleration records by first zeroing the record to remove any initia
offset, filtering the accel eration record in the frequency domain using atrapezoidal filtering
window, and applying a Hanning windowing function to the record to reduce the effect of
energy “leakage” (Y ao, 1991) by forcing the beginning and end of thetimerecord to zero and
making the function appear periodic. The fourier transform of the processed acceleration
records were then cal culated using the Fast Fourier Transform (FFT) function implemented
in the program DADisp (DSP Development Corporation) which uses a mixed radix FFT.
Thetransfer function is explicitly defined as:

X(0) F*(0) _ S#l®)
Flo) F*(o) Sjo)

where X (w)=fourier transform of output (accel eration at top of pier), F(w)=fourier transform

TF - Hy(o) - 61

of input (acceleration of table), F (w)=conjugate of F(w), S, (wm)=cross spectrum, and

Si(®)=power spectrum.

For the model specimen considered, only two horizontal modes and a vertical mode were
expected to significantly contribute to the fixed-base response. For Phase | of testing only
asingle horizontal modewould contribute since base excitation could not be providedin one
of the horizontal directionsonthe5DOF table. Therefore, to determinethe modal frequency
for the horizontal mode in the X-direction, the average of accelerometers A1 and A2 along
with A9 areusedinthemodal identification technique. Similarly, A3, A4,and A10 areused
for the horizontal mode in the Y -direction and A13, A11, and A12 for the vertical “fixed-
base” mode (Z-direction).

Many white noisetestswereruntofirstidentify thestructure sinitial dynamic propertiesand

then to ensure that these properties did not change during the course of testing, likely
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indicating damage to the model specimen. An example is provided here to illustrate the
modal identification technique and then simple, numerical results are presented for every
other test. Figure6-1 showsthe power and cross spectrum plotsfor ahorizontal white noise
excitation. Thetransfer function plot isshown infigure 6-2 and is smoothed using a7 point
moving averageto reduce noise. Asseeninthisfigure, the peak of thetransfer function plot
occurs at approximately 2.5Hz indicating that the model structure has a “fixed-base”

horizontal frequency of 2.5Hz (T ,,,=0.40sec).

Thevariation of thefixed-basefrequency of thestructurethroughout Phasel, 6=0deg. testing
history isshown in figure 6-3 and Phase |, 6=45deg. isshown in figure 6-4. Thefiguresare
presented in the sequence of tests listed in tables 5-5 on the horizontal axis and the vertica
axis has the frequency calculated from the white noise test (f;) normalized by the frequency
calculated from the first test in that particular orientation (f,). As seen in each figure, the
frequency changes very little (approximately 5% or less) from theinitial test in each set-up.
Thereisaninitial drop in the structural frequency within thefirst few tests, aflat portion of
the curve, followed by afew rises and flattening of the curve throughout the testing history.
Therisestypically occur when anew set of devicesisattached to the structure, creating abit
of “re-gtiffening” near thebase. After afew testsfollowing attachment of the new devices,
the frequency drops dlightly but quickly levels off indicating no changes in structural
frequency.

Results of white noise tests run during Phase Il are presented in figure 6-5a. The sequence
of testsfor thisphasearegivenintable5-6. Similar resultsare seenfor Phase Il testing with
the exception of white noisetest 5 which exhibits asignificant drop in frequency relativeto
theinitial test. White noise test 5 was performed following the seismic tests of the set-up
withn, =1.0. Sincethe strength of the devicesin thisset-up isnearly equal to or greater than
the structurestributary wei ght, the structure may have ended-up being partially supported on
the devicesfollowing thetestswith ), =1.0. Although, upon close examination, no residual
uplift or relative pier displacement was observed following these tests. To investigate this
hypothesis, consider that as the structure is cycled with this set of devices, it no longer has

a“fixed-base” response. Rather, its period shiftsto the 2™ cycle response and increases. |If
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thisisthe case, the structure’ s period obtained from the white noise tests should nearly be
equal to the“rocking” period of vibration determined using the rocking stiffness defined in
Appendix B (for 4-legged piers), which for the specimen and device properties considered
is equal to 0.73sec. This would correspond to a ratio of f/f;=0.55. With the observed
reduction being substantially less (with f,/f,=  0.70), one could assume that afew of thelegs
are not completely supported by the devices. After these devices were removed and the
devices with 1, =0.33 were attached for the next set-up, the following white noise test

performed showed the initial trend, with approximately 93% of itsinitial frequency.

The mode shape corresponding to the “fixed-base” lateral period of vibration with period
T,,m=0.40sec is shown in figure 6-5b.

6.2.2 Modal Damping Characteristics

The equivalent viscous damping characteristics of each mode is determined from the
frequency response analysis described using the half-power (bandwidth) method and then
using the logarithmic decrement method (Clough and Penzien 1975).

Using the half-power (bandwidth) method, the damping ratio (&,) can be determined from

the frequency response curves by determining the frequencies (f) at which the maximum
response (TF,) isreduced by 1/ /2 . Following this approach, the kth modal damping ratio
can be defined as:

_hh
- T
Thus, figure 6-6a shows that the peak transfer function amplitude of 11.7 occurs at a

S

(6-2)

horizonta frequency of 2.5Hz and the frequencies at which the transfer function (TF) is
equal to1/42 of its maximum occurs at 2.42Hz and 2.56Hz. Therefore, the equivalent
viscous damping ratio of themodel structure’ shorizontal modein the X-direction, usingthis
method, is equal to:

_ 2.56 Hz - 2.42 Hz

S 2-(2.5Hz)

= 0.028 = 2.8% (6-3)a
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Using the logarithmic decrement method, the equivaent viscous damping ratio can be

determined by considering thefree-vibration decay of motion. For lightly damped structures,

the equivalent damping can be determined by:
An B An +m

éloga'ec - 2m1tAn+m (6-3)b

Observing the free-vibration, “fixed-base” (A<A,,,,) response of the specimen following the
completion of aseismic or pulsetest can provide the necessary information to calculate the
equivalent damping using this method. A sample set of response datais shown in figure 6-
6b and ten cycles of free-vibration response is considered such that:

£ _ 3.15mm - 1.3mm
logdec — 5.10-7+(1.3 mm)

=0.023 =2.3% (6-3)c

6.3 Data Reduction and Presentation of Results

6.3.1 Calculation of Response Quantities

Theinstrumentation described in Section 5.6 is used to cal culate the following key response
guantities: table acceleration (horizontal and vertical), table displacement (horizontal and
vertical), pier relative displacement, pier horizontal base shear force, pier leg axial forces,
uplift displacements, and deviceforces. Thissection describesthe proceduresfor processing
theraw instrumentation dataand converting it into response quantities that can be compared

to results from the analytical methods that will be presented in Sections 6.4 and 6.5.

Theraw tableaccel erationsarerecorded from accel erometersA9 and A 14 (X -direction), A10
and A15 (Y-direction), and A11 and A12 (Z-direction). The acceleration records are first
zero-corrected then filtered in the frequency domain using a trapezoidal filtering window
with corner frequenciesof 0.20, 0.25, 30, and 38Hz to removelow frequency errorsand high
frequency noiseinthesigna. Theabsolute maximum of thefiltered accel eration history was
taken asthe maximum table acceleration inthe particular direction. All table displacements
were determined from Krypton diodes KD7, 8, 9, and 10 since each diode measured
trangational movement in 3 dimensions. In each translational direction, the corresponding
values recorded from each instrument were averaged to determine the table trandational

displacement history. The absolute maximum for each of the averagerecorded displacement
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histories are presented along with each maximum table acceleration in tables 6-1 to 6-3 to

provide a gage of the intensity of each actual excitation used during the testing program.

The pier relative displacement was cal cul ated from the string potentiometers attached to the
pier mass in each direction and the Krypton diodes attached on or near the load cells. The
relative pier displacement (Age, ) Was calculated as:

Apgrp = Dupsp = Dr = Ao Or (6-4)
where A,z —absolute pier mass displacement measured relative to a stationary reference
frameusing SP1 and SP2 (X-direction) or SP3and SP4 (Y -direction), A;=tabledisplacement
measured by KD7, 8, 9, and 10 (X- and Y -direction), h, .,,=distance from top of large load
cells to center of mass plates (6.09m), and 0,=rotation of the table. All channels are first
zero-corrected to remove any initial offset. Rotation of the table about it's Y-axis was
calculated as:

KD7z - KD8z ]
— (6-5)

8, = tan! (

’ diprg
where d, ;. s=horizontal distance between KD 7 and 8 (1.47m). Rotation of the table about
it's X-axis was calculated as:

KD7z - KD9z ]
— (6-6)

9., =tan!
T.X ( d

KD7-9

where d,,.s=horizontal distance between KD 7 and 9 (1.27m).

Using SP1 and SP2 (or SP3 and SP4) and the geometry of the pier, the rotation of the mass
could be measured during each test. The largest observed rotation during testing was
approximately 0.10deg. Thislevel of rotation resultsin 1.1mm of deformation to each frame
or approximately 1/5 of the deformation of aframeto induceuplift of thefree-rocking set-up.
This small amount of rotation was ignored for any calculation of experimental response

guantities.

Thetotal horizontal base shear force coul d be determined by threedifferent approaches: from
the large capacity load cells, from strain gages on the 1% panel diagonals, or using datafrom

accelerometers attached to the specimen mass. In the results presented here, the base shear
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was calcul ated from the strain recorded on the 1% panel diagonals. This approach was used,
as opposed to the others, due to electrical problems with one of the load cells leading to
unreliable recordings and the acceleration records appeared rather sensitive to localized
vibrations. However, in most cases, the base shear results cal culated from all sources were
comparable. Each strain recording wasfirst zero-corrected to remove any initial offset. For
Phase | test results with 6=0deg., for example, base shear was cal culated as:

BSs6 = Sormr* 2 £ A coupier " €08 85 ° (SG1 +8G, ) (6-7)
where g, ~=factor to account for the braced frame and moment frame acting in parallel,
E=modulus of elasticity of stedl, A ,,,=Cross-sectional area of the pre-tensioning coupler
to which the strain gage was attached (1.94cn), 0,,=anglethe 1% panel diagonal makeswith
the horizontal (35deg.), and SG, and SG,=recordings from the strain gages on 1% panel
diagonals on the east and west side of the pier respectively. The factor fgp,r is determined
from elastic analysisof the specimen astheratio of lateral shear forcetransferred through the
diagonal members (braced frame action) to the total shear force transferred through the
specimen (braced frame and moment frame action) and is equa to approximately 1.6.
During Phase Il of testing, strain gages attached to all 1% panel diagonals are recorded and

used in the calculation of base shear in the X- and Y -directions in avery similar manner.

Pier legaxial forceiscal culated by summing theaxial channel of thelarge capacity load cells
and shear channel from the smaller capacity load cells. For example, thetotal axial forcefor
pierleg 1iscalculated as:

P,,=LCIN + LC5X (6-8)
Thus, it is calculating the axial force in the leg above the connection point with the energy
dissipation device. No zero-correction was applied to these channelssincethe starting value

during each test should be equal to the gravitational weight.

Uplifting displacements were determined from Krypton diodes attached to the top of the
large capacity load cells, shake table, and to the base of the specimen’s columns. For
example, during Phase | of testing the uplifting displacement of the NE column was
calculated as:

A = KD4z - KDI13z (6-9)

upNE
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Maximum device forces are measured directly from theload cellsthat are attached to them.
For the TADAS devices used in both Phase | and Phase Il of testing, the device force is
measured directly from the shear recording of the small capacity (yellow) load cellssincethe
devices were designed to only apply avertical shear force where they connected to the pier
leg. For theviscous damperstested during Phasell, load cellswere attached in-linewith the
piston rod of the damper that directly measured the damper’s force. The damper was
attached at an angle of approximately 8deg. from the vertical such that the damper force was
nearly equal to the vertical component of the force applied to the pier leg.

The TADAS rotation demands defined by (5-12) is calculated using the uplifting
displacement from (6-9) and the devicelength givenintable5-3. The damper strokeis, for

all practical purposes, equal to the uplifting displacement (6-9).

Some of the resultsin this section are presented normalized by important quantities of the
controlled rocking system such as the uni-directional yield force (P, ;) and 2" cycleyield
displacement (A,,). Thesequantities are defined in Appendix B and can be seeninfigure 5-
10 that presents the backbone curves for each experimental set-up. These static backbone
curves are aso overlad on the dynamic hysteretic curves of the experimenta results

discussed in the following sections.

Some other information from the experiments that may be of interest to other researchersis
the raw normal channel data from the large capacity load cells (LC1IN, LC2N, LC3N, and
LC4N) and the uplifting displacements (cal culated from (6-9) and from which the uplifting
velocities could be determined). This data has been uploaded to the UB NEES

( http://www.nees.orgl) repository at

\\nas.nees.buffalo.edu\repository\AllProjects\M CEER\Controlled rocking
pier\Normal ForceUpliftDispData.
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6.3.2 Experimental Results of Phasel, 6=0deg.

The important response quantities described in the previous section are presented here for
each test that was conducted with an excitation that had an accel eration amplitude of at |east
100% of the target base excitation (Section 5.7).

Note that there are differences, both in amplitude and frequency content, between the target
and achieved seismic motions during testing due to shake table fidelity in reproducing the
desired (target) motions. For comparison, the 5% damped target pseudo-acceleration
spectrum and spectra calculated from the recorded table accelerations during testing are
presented in figures 6-7 to 6-12 for Phase | tests with the specimen in an orientation with
0=0deg. In general the achieved motion of the table undershot the target motion in terms of
pseudo-accel eration for the three seismic motions. After amplitude scaling the input signal
to 125% to 150% of itsinitial values, the spectra generally reached or slightly exceeded the
target spectrum in the primary period range of interest which isfrom approximately 0.40sec
(fixed-base) to 1.2sec (accounting for the e ongated period during rocking). The spectrafor
the pulse excitationswith pulse periods(T,) of 0.20 and 0.40sec matched well with thetarget
spectrum, however the pulsewith period of 0.60sec did not match well. Thismay beinlarge
part dueto the significant uplift and rocking response of the structure when subjected to this
pulse, as expected, resulting in more table-structure interaction compared to the other two
pulses. Fewer tests were conducted with the pul ses (see table 5-5) and thus fewer iterations

were performed that correct the table’ s drive signal for the interaction.

Figures 6-13to 6-45 show, combined on each figurefor agiven test, time history plotsof the
pier relative displacement, defined by (6-4) with 6,=6,, (6-5), base shear force (6-7)
normalized by the added weight (W,,=77kN) and specimen weight (W ,=18.7kN), global pier
hysteretic behavior in terms of normalized base shear force and pier relative displacement,
overlaid with static backbone curves for 1% and 2™ cycle properties (dotted lines), pier leg
axial forces (6-8), and devices' hysteretic response, in terms of device force versus device
rotation. In the case of n, =0 (free rocking), the uplifting displacement (6-9) is shown in
place of thedevices hysteresis. Pier leg axial force histories are presented for the two south
legs on theleft plot and thetwo north legsintheright plot. The TADAS hysteretic behavior
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and leg uplifting displacements (for the cases with n, =0) are presented in the same manner.
For uni-directional response (6=0deg.), it is expected that the leg forces, TADAS behavior,
and uplifting displacements on the south and north sides, respectively, should be nearly the

same for a perfectly symmetric and balanced specimen.

Maximums of the key response parameters are tabulated in table 6-1 for tests conducted
during Phase | with 6=0deg. These values are provided for reference and will be compared
later with the valuesfrom time history analysis, and with those obtained from the simplified

methods of analysis used for design.

6.3.3 Experimental Results of Phase |, 6=45deg.

Theimportant response quantities described in Section 6.3.1 are presented herefor each test
that was conducted with an excitation that had an accel eration amplitude of at least 100% of
the target base excitation (Section 5.7).

The target 5% damped pseudo-acceleration spectrum, together with the corresponding
spectra calculated from the recorded table accelerations during testing are presented in
figures 6-46 to 6-51 for Phase | tests with the specimen oriented at 6=45deg. Asdiscussed
in Section 5, the motions are scaled in amplitude to 140% of their target for these set of tests.
Similar to what was observed for the prior tests series, (with the tower oriented at 6=0deg.),
the achieved motion of thetable undershot thetarget motion intermsof pseudo-accel eration.
However, successiveincreasesin the amplitude of the motions were not performed because
the purpose of this set-up and set of testswasto observe a“pseudo” bi-directional behavior
(smultaneous uplift and yielding of three of the devices, resulting in the pier supported on
asingleleg) using the 5DOF shake table and this goal was achieved with the motions with
spectradlightly less than 140% of the target.

For the orientation with 6=45deg., calculation of some of the key response quantities is

slightly changed. Pier relative displacement isstill measured and cal culated in the global X-

direction (N-S) the sameway asbefore sincethe string potsand Krypton diodes still measure
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with respect to afixed reference system. The base shear, calculated using strain gageson the
first panel diagonals, is now equal to:

BSg; 6-45 = Somur 2 EA *c0s 0, * (SG, +8G, +SG,; +S8G, )  cos45°  (6-10)

where al terms have been defined previously. The other two strain gages and the cos(45°)

coupler

isadded to account for the rotated specimen. The base shear forceiscalculated in the global
X-direction from data measured on the diagonal braces in al panels which are oriented
45deg. from the X-direction. The static backbone curve overlaid on the hysteretic plotsis

from the hysteretic properties presented in Section 4, with the pier displaced along the path
with a=45deg. and thus has ayield strength of /2 P, Thepier leg axia forces, TADAS

hysteretic behavior, and uplifting displacements are calculated the same as described in
Section 6.3.1 since they can be calculated from the same instruments, independent of the
orientation of the specimen. Finally, plotsshowingtime history tracesof these quantitiesare

shown in figures 6-52 to 6-77 for Phase | tests with the specimen oriented at 6=45deg.

Maximums of the key response parameters are tabulated in table 6-2 for tests conducted
during Phase | with 6=45deg.

6.3.4 Experimental Results of Phasell

Theimportant response quantities described in Section 6.3.1 are presented herefor each test
of Phase Il that was conducted with an excitation that had an acceleration amplitude of at
least 100% of the target base excitation (Section 5.7).

The target 5% damped pseudo-acceleration spectrum and spectra calculated from the
recorded table accel erations during testing are presented in figures 6-78 to 6-83 for Phase |
tests. Spectra are presented for each of the motions (Newhall and Synthetic) for each
excitationdirection (X, Y, and Z). Inthetwo horizontal directions (X and Y), it can be seen
in the figures that the achieved spectra is slightly less than the target spectrum beyond a
period of approximately 0.25sec for the case of the Newhall record and beyond
approximately 0.40sec for the case of the Synthetic record. In the period range less than
theseval ues, thetabl e beginsto overshoot thetarget spectrum. Thiswasachieved at the best

possible controller settings of the table actuators. The differencesin the horizontal spectral

169



values for this range of periods was deemed acceptable since it was not expected that the
response of the structure would be significantly affected by frequency content much higher
than the fixed-baselatera period of vibration (0.40sec). Thevertical spectraa so overshoot
the target spectrum in the range of the vertical period of the specimen (~0.06sec). The
differences between the target and achieved spectra for both horizontal and vertical
excitationswill be accounted for when comparing experimental resultswith prediction from
the analytical methods.

Calculation of the key response quantities is very similar to the case during Phase | with
0=0deg. The pier relative displacement is calculated from (6-4) with 6,=6,, (6-5) for
displacement in the X-direction (A,) and equal to (6-4) with 6,=6- , (6-6) for displacement
inthe Y-direction. The base shear in the X-direction is calculated as:

BSX,, EA -c0s 0, * (SG, +SG, -SG,, -SG,, ) (6-11)
For thisphase of testing, all 4 diagonal member strain gagesinthe 1% panel, in each direction

- -]S?FMF ) coupler

wererecorded. Similarly, for base shear in the Y -direction:
BSY. = fomm EA - cos 6 dl-(SG3+SG4—SG23—SG24) (6-12)

The static backbone curve overlaid in the hysteretic plots for the X- and Y -direction is the

coupler

uni-directional curves shown in figure 5-10 for each set of devicesconsidered. Thepier leg
axial forces, TADAShysteretic behavior, uplifting displacements, and viscous damper forces

and displacements are cal culated per the procedure presented in Section 6.3.1.

Also shown in these figures for Phase |1 tests are plane plots that display the bi-directional
displacement and force response traces for each test. In these plots, the pier relative
displacement is shown normalized by the uni-directional yield displacement and the base
shear force normalized by the uni-directional yield force. These figures provide a sense of
the bi-directional displacement path in the plane of the added mass (top of pier) and bi-
directional shear forcehistory. Note, inthe shear force plots, most of theresponseisinabox
from-1to 1 (P,,,) dueto the limitation in the “static” force in each direction. Of course,

force response exceeding P, ,; is observed and is mostly dueto the dynamic rocking effects.
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Plots showing time history traces of the above quantities are shown in figures 6-84 to 6-104

for Phaselll.

Maximums of the key response parameters are tabulated in table 6-3 for tests conducted
during Phase 1.

6.4 ResultsComparison Between Experimental and Nonlinear TimeHistory Analysis
Theresponse of the experimental specimen was predicted analytically using nonlinear time
history analysis. Discussion of the analytical model, used for the time history anaysis, is
provided in Section 6.4.1 followed by comparison of the key response parameters with the
experimental results (Section 6.4.2). First, comparison is made between the peak
experimental response quantities (fromtables6-1to 6-3) and peak responseresultsfromtime
history analysis. Then, response history traces are compared for a selected number of cases
in Section 6.4.3 followed by discussion of differences between predicted and observed
response in Section 6.4.4.

6.4.1 Mathematical Model and Analysis Results

The analytical modeling is very similar to that which has been discussed throughout this
report. Theanalytical model of the4-legged experimental specimenincluded 3-dimensional
analysis as was done in Section 4. Many of the relevant properties of the specimen which
were applied to elementsin the analytical model aretabulated intable 5-1. The model mass
islumped in asingle node at the geometric centroid of the steel mass plates that actsin the
3 trandation DOF. The mass moments of inertia of the steel plates about each axisisaso
accounted for at this single node (thus the effects of torsion are accounted for). This node
isthen constrained to move asarigid diaphragm with the nodes at the four connection points
of the mass and specimen. The pier specimen’s structural members are assumed to remain
elastic and are modeled with elastic frame elements with rigid end offsets at the connection
points. The diagonal braces are modeled by members that can only resist axial forces (in
tension and compression). The pre-tensioning force in the membersis applied in the model
using atemperature loading on the members to match the prescribed axial force applied on

the specimen by pre-tensioning (using reverse threaded couplers). Since the diagonal
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members could resist both tension and compression forces (without buckling) in the
analytical model, the temperature loading was applied only to achieve the correct internal

forces in the specimen (not required otherwise anaytically to prevent buckling).

Compression-only gap elements were attached to the base of the legsin the vertical and two
horizontal directions to simulate the base connection that relied on bearing to resist forces
in these three directions. The gap elements provided no resistance to movement vertically
upward at the base of the leg, or horizontally towards the inside of the specimen (directions
that woul d otherwise apply tension to the elements). Theelementsin compression, however,
were essentially rigid compared to the specimen itself, as the gap elements were provided
with an elastic stiffness of 850kN/mm, compared to the axial stiffness of the pier leg of
52.1KN/mm.

The TADA Sedementswere model ed using the Wen (1976) plasticity property that isdefined
by the elastic stiffness, yield force, post-yield stiffness ratio, and a parameter that controls
the smoothing of the transition to yield. The eastic stiffnessand yield force for each set of
devicestested isgiven intable 5-3. For TADAS devices tested in past research, the post-
elastic stiffnesswas assumed to be 2% of its el astic value and the yielding parameter was set
equal to 2. Theviscousdamper was model ed with the damper element in SAP2000 that uses
a Maxwell model (Malvern 1969) and has an elastic spring in series with a nonlinear
dashpot. The properties of the dashpot element are those given in table 5-3. To achieve
purely viscous behavior, the elastic spring is assigned a stiffness of 880kN/mm to make it
sufficiently stiff.

Damping was assigned to the model in the form of a Rayleigh damping matrix with 2% of
critical damping assigned to periods of 1.5sec and 0.04sec. The upper limit of 1.5sec was
chosen to limit theinfluence of the mass proportional damping term on the structure after it
has uplifted from its base and the period of the rocking structure exceeds significantly the
fixed-base period of 0.40sec. Thelower limit ischosen such that theimportant higher modes

of vibration are not over-damped but spurious high frequenciesmodes of no significanceare
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numerically damped out. Thevariation of modal damping ratiosassigned to the model using

this approach is plotted in figure 6-105.

The gravitation weight of the specimen is modeled by statically applying these forces at the
top of each leg before conducting the dynamic analysis. The analytical model was excited
dynamically by applying acceleration histories to the fixed supports. In light of the
aforementioned discrepancies observed between the target and achieved motions during
testing on the shaking tables, the acceleration of the table recorded during each test (X, Y,
and Z) was supplied to the analytica model as the base input (as opposed to the target

motion).

Solution of the nonlinear equations of motion is performed using Newmark’s average
acceleration method (Newmark 1959). Large displacement analysisis performed such that
solution of theequilibrium equationsare performed in the structure’ sdeformed configuration
and uses an updated Lagrangian approach (Bathe 1996) for updating nodal positions (in
hindsight, for the problem considered here, it was probably not necessary to use large
displacement analysis). To ensure accuracy in the solution, a convergence study was
undertaken decreasing the size of the solution time step (At) and convergence tolerance
(defined in the program as the magnitude of the force error over the magnitude of the force
on the structure). The case with n, =0 subjected to the 3 components of the synthetic record
was deemed the most critical case due to the significant amount of deformation and impact
velocity withintherigid gap elements. Some of the key response quantities monitored were
the pier leg forces, gap forces, pier displacements, and uplifting displacements. Following
afew iterations, atime step of 0.0001sec and force convergence tolerance of 1E-10 was

found to provide accurate results and was used for all analyses.

Maximum response parameters for all analyses are tabulated in table 6-4. Resultsinclude

tests from both Phase | and |1 of the experimental testing program.
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6.4.2 Comparison of Peak Response
The experimental and time history analytical resultsfor Phase | tests are compared in terms
of peak relative displacement, peak base shear force, peak pier leg axial force, and peak uplift
displacement in figures 6-106 to 6-109 where subscripts “Exp” refers to the experimental
resultsfrom table 6-1to 6-3and “ TH” refersto thevauesintable 6-4. Separate data points
are shown on the figures for each set-up considered in Phase . A solid, dark lineis plotted
for Qg =Qanayica (Q referring in general to a peak response quantity). This line defines a
boundary for each data point that represents conservative (below line) and unconservative
(aboveline) prediction of response. The second solid line representsthe average difference
of the data from this boundary and is defined in genera as:

Orep = Qanatyiicar + Pag (6-13)
where p,,=mean difference between the experimenta and anaytical data points and is
defined as:

n

Q1) = Qnatapticall ) (6-14)

n

i=1

HAQ -

where n=total number of testsrun for the cases considered. Two dotted linesare also shown
on the plots, corresponding to the mean difference of the data plus and minus one standard

deviation of the data, c,,, and defined as:

QExp = QAnalytical + l“lAQ + GAQ (6-15)
where o, is defined as:
Zl: [QExp(l) B QAnalaytical(i) B l“LAQ]Z (6_ 16)
%ag ™ n-1

Figures6-106 and 6-109 show agood correl ation between the experimental and time history
analysis resultsin terms of maximum relative and uplifting displacement. More scatter in
the data exists for the maximum force demands with some points that deviate significantly

from the predicted force.

174



Similar comparison between experimental and analytical results is presented for Phase I
testsinfigures6-110to 6-115. Sincethisphase of testing included bi-directional horizontal
input in addition to vertical input, the sameresponse quantitiesconsidered previously for the
Phase | tests are presented along with relative displacement and base shear in the other
horizonta direction (Y). Again, good correlation is seen for the displacement quantities,
however, with more variability for the force quantities. Note the good correlation of base
shear resultsfor caseswith viscousdampersattached vertically at the base (circle datapoints
in figure 6-112). Interestingly, the same figure shows that the analytical results for other
cases (especialy free rocking) can exceed the experimental values by 150% to 200%.

6.4.3 Comparison of Selected TimeHistory Traces

To better understand the differences between the theoretical and experimental responses,
selected data points were chosen for which complete traces of responses were plotted.
Comparison of the experimental and analytical time history responses of the specimen is
presented in terms of response history traces of some of the key response parameters. The
following cases are presented in figures 6-116 to 6-124:

. Phase |, 6=0deg., n,=0, Synthetic 100%

. Phase |, 6=0deg., n,=0.33, Newhall 125%

. Phase |, 6=0deg., n,=0.67, Synthetic 150%

. Phase I, 0=0deg., n,=0, Pulse P2 T =0.60sec 100%

. Phase II, n, =0, Synthetic 150%

. Phase II, n,=0.33, Synthetic 100%

. Phase I1, n,=1.0, Newhall 150%

. Phasell, n.,,, Newhall 200%

. Phasell, n.,, Synthetic 175%

For the Phase | tests, results of the relative pier displacement, base shear force, and pier leg
axial force of leg 1 (SE leg) are presented. For the Phase Il tests, the relative pier
displacement isboth X- and Y -directions, base shear (X & Y, and pier leg axial force of leg
1 (SW leg) are presented. To investigate the causes of the observed differences between

theseresults, anumber of analytical parameterswerevaried, asdescribed in the next section.
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6.4.4 Potential Sourcesfor Response Variability

6.4.4.1 For ce Response

Looking at the base shear results of Phase Il (figures 6-112 and 6-113), there exists
significant variability between the experimental and predicted response in terms of peak
response. Thisisespecialy truefor caseswithout viscousdampers. Thetime history traces
of the cases of free rocking (figure 6-120) and with TADA S devices attached (figures 6-121
and 6-122) show significant overshooting of the force response in the analysis compared to
the experimental results. Also, many of these overshoots appear to be a result of higher
frequency mode participation. However, the analyses with viscous dampers attached to the
base (figures 6-123 and 6-124) provide a much better match with the experimental results.
Thusit appearsthat the model has some rather severe sensitivity to the damping, at least in

the calculation of the force response.

Some analyses were re-run with increasing level s of damping in the higher frequency range
by changing the stiffness proportional damping term in the Rayleigh damping matrix to
levels of 3, 5, and 10% of critical at 25Hz (0.04sec). The changes in the modal damping
ratios from the initially assigned value of 2% at this frequency is shown in figure 6-125.
New tracesfor the case of n, =0, Syn 150% (Phase 1) are presented in figure 6-126 to 6-128

to show the sensitivity of the response to these changes in damping.

Using increased levels of damping in the higher frequency range eliminates some of the
higher mode response (which is present in the analytical results but not observed
experimentally). However, there till exists significant spikes in the force response (even
with 10% damping), especially in the base shear response (figure 6-128c and d). In
investigating the cause of these high frequency modes, it was found that removing mass
attributed to the specimen’ sstructural members(the member sel f-wei ght not the added mass)
in the analytical model eliminated some of the localized higher modes within the structure,
as seen by comparing resultsin figure 6-129 with the results of figure 6-128 where each case
has 10% critical damping at 25Hz in the Rayleigh damping model. However, these large

increases in damping in the higher frequency range and removal of mass are not physically
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justifiable at thistime. It is suspected to be a numerical issue possibly introduced by the

participation of higher and unrealistic modes of vibration.

Another source of energy loss in reality (experimentally) and one of the mgjor differences
between the ana ytical model and experimental specimenisat the boundary conditionsat the
base of the specimen. Theuse of el astic gap elementsat the basedo not allow for attenuation
of stresswavesout of the structure and into the supportsrather they require dissipation of the
waves within the structural damping model. In reality, and in the tests, these waves could
travel out from the base of the columns and into the shaking table, hydraulic actuators, and
eventually into table support and laboratory foundation providing radiation damping.
Modeling of this wave propagation problem was beyond the scope of this research. Other
researchers (Wolf, 1991) have proposed using assemblages of discrete springs and dashpots
to more accurately model the boundary conditions and account for this effect. Using one-
dimensional wave propagation theory with the following assumptions. harmonic stress
waves propagate out of the base of the specimen’s columns when in contact with the
supports, that these waves are not affected by the boundary (i.e. thereis no reflection of the
waves), and the waves are not reflected off of another boundary and return to the column;
then the required linear damping coefficient of an added discrete damper to remove these
stress waves at this boundary should be set equal to:

Chound = Prm VmAm (6-17)
where p,,=massdensity of theboundary materid, v,,=speed of wave propagation throughthe

materia at the boundary, and A =area of boundary interface.

Toinvestigatethishypothesis, analysiswasre-run for the case of n, =0, Syn 150% (Phasell),
modifying the boundary conditions at the base of the column leg to that shown in figure 6-
130. ThusaMaxwell damping element was placed in serieswith another gap element which
was added to the existing gap element. Adding the gap element in series with the damper
element would only allow the damping el ement to be activated when the base of the leg was
in contact with the support. It was hoped that this would model the radiation damping and
eliminate “trapping” of the stress waves that was possibly causing the higher frequency

response. For thecaseconsidered here, theboundary material wasstedl (p,,=7849%kg/m?®) and
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the boundary interface was the base of the column, thus A=A, ,=15.5cm?. Implementing
the discrete dampers vertically at the base would dissipate the p-waves from the column
therefore the wave speed would be the p-wave speed of steel (v,,=5960m/sec). Thisresulted
in adiscrete damping coefficient from (6-17) equal to 0.0725kN* sec/m. The results of the
analysis of this case are shown in figure 6-131. Adding the discrete dampers at the base
removed a significant amount of the higher frequency oscillations, but not completely, as
high spikes are still visible in the base shear response in the X-direction compared to the

experimental results.

6.4.4.2 For ce Response with Revised Damping M odel

A second set of analyses were performed that included the Rayleigh damping matrix with
10% of critical damping in the higher frequency range and with the pier specimen’s mass
removed aswas the case of the analysisresults shown in figure 6-129. These analyseswere
assumed to provide a set of results for the “calibrated” damping model to match the
conditions of the experimental specimen. Each test presented in Section 6.4.4.1 was re-run
and the peak responseresults presented infigures 6-132 to 6-141 for both Phasel and 11 tests.
Comparing the force results from the anaytical model with the revised damping model to
the previous results, a significant reduction in the scatter of results is evident. This is
especially clear comparing the base shear forcein the X-direction for Phase |l tests (figures
6-112 and 6-138). However, the samefigure also showsthat the increased damping reduces
the force response below that observed, on average, during the experimenta tests. Little
differenceis seeninthe peak displacement results, as expected, since theincreased damping

isonly applied in the high frequency range.

The same cases for the time history traces presented in Section 6.4.3 are presented for the
analyses run with the revised damping model and are presented in figures 6-142 to 6-150.
The response traces show a better match of the force results, removing much of the higher
frequency participation. However, it appears that the damping model may be reducing the
effect of the vertical modes discussed in past sections (quantified in the design equations by

R,, and R, ) asis more clearly seen in figure 6-143.
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6.4.4.3 Displacement Response

Looking at thecomparison of peak displacement response (figures6-106, 6-110, and 6-111),
there exist few outliers. One potential source of variability could be due to the differences
in the applied base excitation between experimental and analytical results. Theinput for the
time history analyses used the actual recorded table accel erationsfor each test however these
recordings only captured the table’ s motion in the trand ation degrees of freedom. In some
cases, the table's rotational motion could have affected response of the specimen more
significantly. Accelerometers were not placed on the table to capture al of the rotational
motions however data from the Krypton diodes (measuring displacement in 3D) that were
placed onthetabledid capturethetable srotational motion. Asdescribedin Section 6.3, the
component of pier relative displacement due to table rotation was removed from the

experimental results during its calculation.

To consider therotational component of input motion, displacement data from the Krypton
diodes was applied as displacement loading at the base of the structure in the analytical
model and a few anayses were re-run for cases which the displacement response
significantly deviated from the predicted response. Thefollowing testswerere-runwiththis
type of base excitation:

. Syn100, n, =0, 6=0, PI (162mm, 185mm)

. NH125, n,=0.33, 6=0, Pl (117mm, 170mm)

. Syn100, n,=0.33, 6=45, PI (140mm, 145mm)

. NH150, n, =0, PII (146mm, 81.4mm)

Theresultsof peak relative pier displacement for these analysesare given in parenthesesand
bold typeinthelist above along with the previousvalues. Inall casesconsidered, theresults
arecloser to that seeninthe experimental results. Thedifferencein theresultsis substantial
in some cases (NH125, n, =0.33, 6=0, Pl and NH150, n, =0, PII) and not that substantial in
the other cases (Syn100, n, =0, 6=0, Pl and Syn100, n, =0.33, 6=45, P).
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6.5 Results Comparison Between Experimental and Simplified Analysisand Design
Methods

Thesimplified method of analysisand design equations devel oped and presented in Sections
3 and 4 are used to predict the dynamic response of the 4-legged controlled rocking
experimental specimen and itsresultsare compared with that fromtesting (tables6-1to0 6-3).
Use of thistype of analysis method is more useful for design purposes asit doesn't require
time history analysis. The relative pier displacement is predicted using this ssimplified
method of analysis (A pesqn) @d i's based on the capacity spectrum analysis method that is
used throughout this report. Other relevant response quantities (P, pesgn Putpesign Auppesign)
are predicted using the design equations derived from fundamental research presented in
Sections 3 and 4.

6.5.1 Discussion of the Simplified Analysis Method

Due to the differences in the target spectrum and achieved spectra during testing, the
horizontal spectraactually achieved by the table are used here and converted to the spectral
demand curves when using this ssmplified method of analysis. In redity, the spectra
demand would not be known this accurately for design purposes. The objective here,
however, is not to evaluate the variability between design (target) and actual (achieved)
spectrainherent in the design process, but rather to assess the method of analysisand design
equations. Therefore, using the achieved spectra eliminated this potential source of

difference that is beyond the scope of this study.

A structural capacity curve is also needed for use of the simplified analysis method and is
derived from therelevant structural pushover curve asdiscussed in Section 4. The pushover
curve used for both Phase |, 6=0deg. and Phase Il tests was the uni-directional pushover
curve defined generally in Appendix B for 4-legged piers. The pushover curvesfor each of
specific experimenta set-up are presented in figure 5-10. For the tests of Phase | with
0=45deg., however, the structureisundergoing a“pseudo” bi-directional behavior duetoits
orientation on the 5DOF shake table. For this phase and orientation, the hysteretic path
describedin Section 4 isknownwith a=45deg. Therefore, thestructural capacity curve used
for the ssimplified analysisin predicting displacement response of thesetestsisderived from
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the bi-directional hysteretic properties discussed in Section 4.3 with a=45deg. (n/4). The
demand curveisthe achieved spectral values calculated from the table acceleration history

from each test as done for every other test.

Other relevant details for the use of this method of analysis has been discussed in Section 4

such as calculation of the equivalent damping.

6.5.2 Discussion of Application of Design Equations
6.5.2.1 Displacements
The maximum uplifting displacement is calculated using (4-6). For Phase | with 6=0deg.,

this equation simplifiesto:

Wz 1 m
+ —
> (1+m;) ho| o4 (6-18)
Aup,Design = Arel,Design - k h

where Ay pesg=maximum pier displacement calculated from the simplified method of

analysis. For Phase | with 6=45deg., this equation is equal to:

w d
2 g, a (6-19)
o -1
AuILDesl}gn - Arel,Design - 2 = -+ cosd5 h_m
Jm m

For Phasell, which used two different horizontal inputs, the maximum rel ative di splacement
was determined for each direction separately using the corresponding spectrum for the
particular direction. The uplifting displacement could then be determined from (4-27) as:

sz dm
+0.40A 7(1+"L) h

rel, DesignY | _ m

+1.0 Arerl,Desi,gnY kﬁn

A =| max 1'OArel,Desian

v 0.40 Arel,Design)&"

(6-20)

Sw |§&‘

where the 1.0 and 0.4 are applied to the maximum relative displacementsin each direction
following a directional combination rule described in Section 4 to account for the fact that
the maximums do not occur in each direction simultaneously. For the tests with the viscous
dampers, the uplifting displacement could be calculated with (6-20) with n, equal to zero
since the velocity of each damper force should be nearly zero when the pier is at its

maximum displacement.
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6.5.2.2 Forces

Predictions of the maximum forces are cal cul ated using concepts presented in past sections.
The predicted base shear force is calculated including the effects of vertical excitation and
the dynamic forces that develop during rocking. The maximum frame shear force resulting
from bi-directional rocking of 4-legged piers was discussed in Section 4.5 and the design
eguation given by (4-31). Some modifications need to be made to this equation such that it
could be used for each testing phase and orientation. For theteststhat only considered uni-
directional response of the 4-legged pier specimen (Phase | tests, 6=0deg.), the base shear
force prediction is calculated as:

P

uF, st

+1.0-P

uF’st-(Rdv—l) +0.4-

P, =2-P

uF ~

(6-21)
P

+04:P (Rs-1) + 1.0

uF, st

where the maximum static frame force is taken equal to:

w d
Prg= ( Tv + Fde -Z (6-22)
The maximum frame shear force is multiplied by two since two pier frames are acting in
parale in this orientation and the distribution of base shear to each frame is depicted in
figure 6-151a. The base shear distribution to each frame for Phase | tests with 6=45deg. is
shown infigure 6-151b. For thiscasethe base shear considered isaong the axis of shaking,

not orthogonal to the pier frames and thereforeis predicted as:

3m, d

) Prgt 1O°Pyp (Ry-1) + 0.4 2 -SW-Z
P =2="-cos45° - | max (6-23)

“ 3 3m, d

Pg* 04-P (R,-1)+ 10 2 -Sav-Z

where the maximum static frame force is equal to:

[ 2%, 3 d 6-24
PuF,st - T + EFyd .Z ( - )
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For Phase 11 tests, that included bi-directional shaking, the base shear distribution is shown

infigure 6-151c and the maximum base shear force, in either direction (X or Y), iscal culated

as:
3m, d
. . Prg* 1.0-P (R, 1) + 0.4 2 -Sm-Z
P =1--P,=1—-|max (6-25)
3 3 3m, d
Prg* 04-Pyp (R,-1)+ 10 = Sa'

where P, 4 isequal to (6-24).

Themaximum pier leg axial forceisdetermined using (4-35) for both Phase | with 6=45deg.
and Phase |1 tests since the specimen is undergoing bi-directional rocking and supported on
a single leg, as was discussed in Section 4. For the tests of Phase | with 6=0deg., the
maximum pier leg axial force is predicted by modifying (4-35) to recognize that uni-
directiona rocking of a 4-legged pier is occurring. The modifications to that equation

include the following:

m_ S
F o=l 0m [ d (6-26)
2 2h
W'v . - _d -
Fupz(Twyd (Rgy-1) (1 Z) (6-27)
w, d w,
PuL,St:(T-i-Fy '(1_2—]1) +T (6‘28)

These equations were derived for the controlled rocking system assuming that the
corresponding yield mechanism hasformed and includesthe dynamic rocking effectsand the
additional demands from the vertical component of motion. For any tests run without a
vertical component of accel eration (Phasel), thevertical spectral accelerationvalue(S,) that
appearsin these equations can simply be set equal to zero. For tests conducted with viscous
dampers attached at the base (Phase I1), the peak forces can be determined using the above
equations with F,, replaced by F,, (3-35).
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A set of example caculations that present use of the simplified method of analysis and
design equations for use of both the stedl yielding devices (TADAS) and viscous dampers

are provided in Appendix D for reference.

Finally, results of all peak response values using the simplified method of anaysis and
design equations are provided in table 6-5.

6.5.3 Comparison of Peak Response

Comparison of the experimental and the simplified methods of analysis are made in an
identical manner as was done for the time history results. The response quantity predicted
by the simplified analysis and design equations (design quantity) is plotted on the horizontal
axiswhilethe experimental response quantity isthevertical coordinate. Figures6-152 to 6-
155 compareresultsfrom Phasel testswhilefigures 6-156 to 6-161 presentsresultsof Phase
1 tests.

6.5.3.1 ForceResponse

The maximum force response shown in figures 6-153, 6-154, 6-158, 6-159, and 6-160 is
predicted reasonably accurately and conservative in most cases by the simplified methods
of analysis. The base shear and pier leg axial force results of Phase | in figures 6-153 and
6-154 show that the design equations predict an increase in force response for increasing
strength ratio (n,), however, much smaller increases were observed in the experimental
results especially for the orientation with 6=0deg. For the set-ups with 6=0deg. and low
strength ratios, the experimental results match closely with the predicted response.

For the Phase Il tests shown in figures 6-158 to 6-160, similar trends of results are seen.
However, with increasing prediction in forces, more of a corresponding increase was
observed in the experimental results. For instance, the pier leg axial force resultsfor Phase
Il (figure 6-160) show this trend (even though the predictions are nearly all conservative)

compared to the results of Phase | (figure 6-154).
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Some of the conservatism observed can beexplained. For example, following thederivation
of (4-31) and (4-35), that predicts the maximum developed base shear and pier leg axial

force, the dynamic effects due to impact, uplift, and vertical excitation are combined with a
modal combination rule and added to the forces developed assuming the plastic yield
mechanism hasformed (uplift and yielding of devices). Theenergy dissipating deviceswere
designed such that the design level motion would lead to development of the plastic
mechanism and the maximum uplifting displacements were limited by deformations to the
devices. However not all tests reached the design level thus the displacement response may
not have been large enough to develop the plastic mechanism. It is also conservative to
assume that the combination of the dynamic effects are occurring simultaneously to when
the structureisin the state at which the yield mechanism hasformed. Thisisespecially true
for the cases with a higher strength ratio (n, ), for which the structure spendslesstimein a
position in which theyield mechanism hasdevel oped. Inthe case of bi-directional response
(Phase |, 6=45deg. and Phase I1), the structure spends even less time in the state of the bi-
directiona yielding. On the other hand, the re-designed TADAS devices used in Phase ||

allowed moredeviceductility (thusyielded at smaller uplifting displacements) and the input
excitation for more of these tests exceeded the design input thus leading to devel opment of

the bi-directional yield mechanism sooner and more often.

If these hypotheses are correct, then one would expect the differences between forces
observed during experimental testing and the response predictions to decrease as the
controlled rocking specimen spent more time in the yielded state. By gaging the amount of
yielding by the global displacement ductility (ug,=A/A,,) and comparing it with the percent
difference between the base shear force predicted using the design equations and that
observed during experiments would provide some verification. Results for the tests
performed during Phase | are presented in this manner in figure 6-162 where AQ;, is the
difference between the predicted and experimental base shear force and Q,,p, IS the
experimentally observed base shear force. The figure shows the difference between
predicted and observed, to reduce for increasing displacement ductility. The figure also
shows that the reduction in the differences occurs much faster (with increasing pg,) for

systems with smaller strength ratios (n,) and for tests with 6=0deg.
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6.5.3.2 Displacement Response

For the Phasel tests, the simplified method of analysis predict maximum pier displacements
and uplifting displacementswith good accuracy asseeninfigures6-152 and 6-155 wherethe
mean difference between experimental and analytical is approximately 10mm on the
conservativesideand the standard deviation of thedifferenceisapproximately 20mmfor the

case of A.

For the Phase Il tests seen infigures 6-156, 6-157, and 6-161, the simplified analysis method
yields displacement results that compare closely to the experimental results until the
predicted relative pier displacements exceeded approximately 100mm where the
experimental resultswerelarger than the predicted by 150% to 200%. With exception of two
datapoints, all of theseoutlier pointsfor the rel ative displacement arefor n, =0 or theviscous
damper tests. Taking a closer look at the use of the capacity spectrum method for these
cases, it was found that for those systems, having large secant periods, low yield strength,
and very low or negative post-yield stiffness (due to P-A effect), the intersection of the
spectral capacity and demand curves occurs in arange of the spectrum that does not match
the target spectrum well. This is illustrated in figure 6-163, which shows the spectral
capacity and demand curves for the case of n,=0, Syn150%. In this figure, the spectra
demand curve does not match the target spectrum beyond a displacement of approximately
260mm and the intersection with the spectral capacity curve occurs at a displacement of
150mm. While the predicted response depends on the intersection of these two curves, the
behavior of the system is not completely dependent on this range of the response spectrum
and will also depend on the frequency content of the motion prior to uplift and yield which
isnot considered in this analysis method.

6.6 Summary

Theresultsof the experimental testing program were presented and compared with anal ytical
methodsin thissection. Reduction of theraw recorded instrument datato relevant response
guantities is discussed. The “fixed-base” dynamic properties of the pier specimen were
found and the primary horizontal period of vibration was found to be higher (T ,,,=0.40sec)

than that determined theoretically in Section 5 (0.33sec). The pier specimen’ sdampingratio
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under horizontal motion wasfound to be 2.8% of critical however thiswas bdlieved to be of

little significance in the overall response of the controlled rocking pier specimen.

The experimental results were compared to time history analysis; first, in terms peak
response of each test and secondly in terms of response traces for selected number of tests.
The results showed good correlation of results in terms of displacements however more
scatter and in afew cases significant deviation of theforceresponsewas observed. Thetime
history results showed significant high frequency spikes in excess of that observed during
testing. Theforceresponsein theanalytical model was shown to be sensitiveto the damping
model and this was investigated by assigning increasing levels of damping in the high
frequency range of the Rayleigh damping model and further comparing discussing results.
Theadvanced analytical model provided ameansfor investigating the response of controlled
rocking piers, however, it appearsfrom thetrace comparisonsthat significant challengesstill
remain in the modeling of this problem. Some sensitivity studies were conducted with
respect tothelevel of damping provided inthemodel however amorereliableand physically
based method to assign the damping properties are needed.

The peak response from the experimental tests were then compared with the smplified
method of analysis and design equations developed in past sections that included uni-
directional and bi-directional responsewith both steel yielding devicesand viscous dampers
used as the passive control devices. The methods for response predictions were shown to
provide conservative and reasonably accurate results compared to the experimental tests.
Some significant deviation between the experimental and predicted peak relative pier

displacement was observed for a small number of tests.
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TABLE 6-4 Time History Analysis Peak Response Results (Phase I, 6=0deg.)

Pier Response

Test Excitation
AREL,P I:)u I:JuL Aup Pud
1,000EC100 El Centro - 100% 34.0 0.25 85.4 6.87 -
1n.000NH67 Newhall - 67% 46.7 0.27 84.3 9.62 -
1n,000Syn100  Synthetic - 100% 1317 0.34 87.3 28.1 -
n,3300EC100  El Cento - 100% 34.5 0.25 85.1 6.80 4.82
n,3300NH100  Newhall - 100% 53.6 0.31 82.6 10.70 6.35
n.3300NH125  Newhall - 125% 75.8 0.34 91.0 15.6 6.59
- 0,
1n.3300NH100hv NeWhl"j"'J'eroo %, 52.8 0.59 140.6 11.2 6.21
1,3300Syn100  Synthetic - 100% 98.0 0.34 93.4 20.2 6.69
1n,3300Syn150  Synthetic - 150%  159.5 0.51 95.9 34.1 6.93
ic - 0,
1,3360Syn100hv Symhel:'frvloo % 1195 0.31 1185 25.9 6.72
Pulse P2,
m330002p20100 1 _occ Toge, 164 0.22 82.4 3.26 3.87
Pulse P2,
n330002p40100 1 _o'unic Toge, 498 0.33 91.7 105 6.29
Pulse P2,
m330002p60100 1 _o'enic Toge, 934 0.31 89.5 19.7 6.68
n,6760EC100  EI Centro - 100% 23.9 0.23 84.0 3.96 9.81
n,6760NH100  Newhall - 100% 60.9 0.36 84.9 12.1 13.1
- 0,
1,6760NH100hv NeWhaH'LvloM' 52.4 1.03 111.2 10.8 13.0
1,6760Syn100  Synthetic - 100% 84.9 0.49 87.5 17.4 135
1,6760Syn125  Synthetic - 125%  101.3 0.40 106.0 20.9 13.7
1,6760Syn150  Synthetic - 150%  120.1 0.46 105.7 24.8 13.9
ic - 0
1,6760Syn100hv Sy”thfj‘fvloo % 930 0.96 98.9 19.8 13.6
Pulse P2,
M67O0PZP20100 1 _goncc Togg, 165 0.27 80.8 3.0 8.5
1.6760p2tp40100 Pulse P2, 53.0 0.37 94.4 10.7 13.0

T,=0.40sec - 100%

*All units in g, mm, or KN
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TABLE 6-4 (cont.) Time History Analysis Peak Response Results (Phase I, 6=0deg.,

6=45deg.)
Pier Response
Test Excitation
AreLp P, Pu Ay Pug
Pulse P2,

M6TO0pAPO0I00 1y oo, 94 0.31 92.1 19.3 13.6

n,10000EC100  ElCentro-100% 185 0.24 87.8 3.0 13.9
- 0,

1, 10000EC100hy Ce”ﬂivloo A 234 0.55 89.2 3.56 16.8

n,1000ONH100  Newhall - 100% 50.5 0.36 92.6 11.7 19.4
- 0,

1, 10000NH100hv NeWh?_:Lvloo %, 52.0 0.44 124.2 11.1 18.9
n,10000Syn100  Synthetic - 100% 71.6 0.39 88.7 14.0 19.8
n,10000Syn125  Synthetic - 125% 90.8 0.34 96.3 185 20.5

ic - 0,
11,10000Syn100hv Sy”theﬁ:ivloo A 791 0.54 112.9 16.4 20.1
Pulse P2,
nu10000p2tp20100 o' gy 174 0.26 87.7 2.8 14.9
Pulse P2,
nu10000p2tpA0100 ¢ _g'aoccc Jogys 550 0.30 92.1 10.7 19.3
Pulse P2,
nu10000p2tp60I00 1 _o'cocc Jogy, 928 0.37 94.6 18.7 20.5
1,0045NH100 Newhall - 100% 84.0 0.28 138 255 -
n,00455yn100  Synthetic - 100%  164.8 0.31 132 49 -
Pulse P2,
mOB4SPAP20100 1 _yonce Togg, 229 0.27 139.4 6.75 -
Pulse P2,
MO04SHAPA0I00 1 o0l oo, 51 0.25 1257 18.4 -
Pulse P2,

MOB4SPAPB0I00 1y cncc gy, 1284 0.26 1285 38.1 -

n,33045NH100  Newhall - 100% 73.4 0.35 138.3 21.1 6.72
- 0,

1,33045NH100hv Ne""hﬁ'lvloom’ 71.7 0.58 130.3 20.9 6.71
1,330455yn100  Synthetic - 100%  122.8 0.38 152.2 35.8 7.0

1,33045p2tp20100 Pulse P2, 228 0.32 131.8 6.15 5.52

T,=0.20sec - 100%

*All units in g, mm, or KN
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TABLE 6-4 (cont.) Time History Analysis Peak Response Results (Phase I,

6=45deg.)
Pier Response
Test Excitation
AREL,P I:’u I:,uL Aup Pud
Pulse P2,
ni3345p2P40100 1 o0l o0y, 638 0.29 144.5 19.0 6.66
Pulse P2,
n3I4A0L00 1 _yiincc oy, 1285 0.36 132.9 37.3 7.01
- 0,
1,67045EC67 El Ce”x”fl 67%. 1044 0.31 148.2 29.3 14.1
=
1,67045EC100 El Centro-100%  33.6 0.24 130.7 7.93 125
1n,67q45NH100 Newhall - 100% 83.1 0.32 154.2 233 13.8
1,670455yn100 Synthetic - 100%  113.2 0.35 147.3 32.1 14.2
ic - 0,
1,67645Syn100hv Sy”theﬂivmo A 1265 046 147.4 37.0 14.4
Pulse P2,
n6T04S2O0100 1 _yoncc oy, 226 0.31 133.1 5.51 114
Pulse P2,
nTOASPAA0I00 1o o0, T 0.28 158.9 19.6 136
Pulse P2,
n6T04p2060100 1 _yiincc %oy, 1306 0.30 156.0 38.0 14.4
1, 100045NH100 Newhall - 100% 84.4 0.43 166.7 225 20.9
- 0,
1, 100045NH100hv NeWhaH'Lvloo %, 79.5 0.74 164.5 22.8 20.9
1,1000455yn100  Synthetic - 100%  101.1 0.39 170.9 278 215
ic - 0,
1,1000455yn100hv Sy”theﬂivmo % 1130 051 173.9 33.1 221
Pulse P2,
n00045p2P20100 oo ogg, 234 0.31 137.9 4.7 17.8
Pulse P2,
n100048p2PA0I00 1 _giaole oy, 730 0.28 167.1 19.8 205
1,100045p2tp60100 Pulse P2, 129.6 0.31 176.4 37.4 225

T,=0.60sec - 100%

*All units in g, mm, or KN
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TABLE 6-4 (cont.) Time History Analysis Peak Response Results (Phase 11)

Pier Response

Test Excitation
AREL,P P,

X Y X y e M P

1. ONH100 Newhall - 100% 62.7 49.6 0.45 0.24 169 19.5 -

1, O0NH150 Newhall - 150% 81.4 94.7 0.75 0.48 302 335 -

n,0Syn100 Synthetic - 100% 178 154 086 040 243 584 -

1,.0Syn150 Synthetic - 150% 227 202 0.74 0.66 390 90.6 -
n.33NH100 Newhall - 100% 59.4 38.1 0.84 0.26 174 14.6 7.29
1,.33Syn100 Synthetic - 100% 90.1 113 0.53 0.38 237 42.5 8.45
n.33Syn150  Synthetic - 150% 187 198 058 047 313 664  9.20
1n,.67NH100 Newhall - 100% 54.5 35.8 0.40 0.28 173 13.7 14.2
1,.67Syn100 Synthetic - 100% 79.1 86.7 0.45 0.40 195 19.9 15.0
1,.67Syn150 Synthetic - 150% 198 188 0.68 0.48 266 58.1 17.9
1,.100NH100 Newhall - 100% 50.6 37.3 0.34 0.28 158 11.3 19.3
1,.100NH150 Newhall - 150% 79.5 49.7 0.71 0.29 231 19.6 20.5
1,.100Syn100 Synthetic - 100% 58.7 82.3 0.55 0.34 208 18.1 19.9
1,100Syn150 Synthetic - 150% 120 196 0.75 0.57 282 50.5 23.0
M. NH100 Newhall - 100% 528 342 029 019 161 110 162
n.vNH150 Newhall - 150% 62.6 494 0.44 0.28 206 155 18.4
n.yNH175 Newhall - 175% 84.3 64.1 0.42 0.39 214 19.2 23.0
n.vNH200 Newhall - 200% 105 78.2 0.45 0.49 247 34.1 26.2
N, Syn100 Synthetic-100% 784 728 025 031 173 192 197
1N.vSyn150 Synthetic - 150% 174 175 0.37 0.38 195 49.9 22.2
NySynl7s Synthetic - 175% 207 185 0.48 0.37 227 58.8 24.6

*All units in g, mm, or KN
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TABLE 6-5 Simplified Analysis Peak Response Values (Phase 1, 6=0deg.)

Pier Response

Test Excitation
AreLp P, Pu Ay Pug
n000ECI00  ElCentro-100% 495 0.19 68.2 101 i
1,000NH67 Newhall - 67% 94.0 0.19 74.2 19.9 :
1,000Syn100  Synthetic - 100% 107 0.19 755 228 i
n.3300EC100  El Cento - 100% 53.3 0.24 81.4 10.7 9.65
n.3300NH100  Newhall - 100% 102 0.24 88.1 213 9.96
n.3300NH125  Newhall - 125% 121 0.24 89.9 257 101
- 0,
1,3300NH100hv Ne""hl‘f"ivloo %, 102 0.33 125 21.3 9.96
n.3300Syn100  Synthetic - 100%  85.1 0.24 85.9 17.8 0.88
n,3300Syn150  Synthetic - 150% 108 0.24 88.5 229 10.0
1c - 0,
1,3360Syn100hv Sy”theﬂivloom' 85.1 0.35 133 17.8 9.88
Pulse P2,
nIWOP20100 1 o500 gy, 216 0.24 76.6 3.56 9.47
Pulse P2,
I A T P S 0.24 79.9 8.35 9.61
Pulse P2,
n3BOP2G0I00 ¢ _yisn’c gy, 610 0.24 82.8 123 9.72
n6700EC100  ElCentro-100%  45.7 0.32 95.6 8.62 19.2
n,6700NH100  Newhall - 100% 711 0.32 99.5 14.3 19.6
- 0
1,6760NH100hv NeWhaH'LVloo %, 711 0.39 136 14.3 19.6
n,6760Syn100  Synthetic - 100%  86.4 0.32 102 17.7 19.8
n,6700Syn125  Synthetic- 125%  94.0 0.32 102 19.3 20.0
n.6700Syn150  Synthetic - 150% 107 0.32 104 222 20.2
ic - 0,
1,6760Syn100hv Sy“th'f_t"fvloo % 864 0.41 144 17.7 19.8
1,6760p2tp20100 Pulse P2, 21.6 0.32 91.4 3.27 18.8

T,=0.20sec - 100%

*All units in g, mm, or kN
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TABLE 6-5 (cont.) Simplified Analysis Peak Response Values (Phase I, 6=0deg.)

Pier Response

Test Excitation

ApeLp P, Pu Ay Pug

1,6760p2tp40100 Tp=oilg§eecp-2iooo o 419 0.32 95.0 7.78 19.2
1,6700p2tp60100 szozlg:eecp_z’loo% 57.2 0.32 975 11.2 19.4
1, 10000ECI00  ElCentro-100% 343 0.38 107 5.84 27.4
1 10000EC100hy  ©' Ce“g?r\'/loo%’ 34.3 0.42 121 5.84 27.4
1 10000NH100  Newhall - 100% 508 0.38 110 9.50 28.0
1, 10000NH100hv NeWhaH'L;/mO%* 50.8 0.44 144 9.50 28.0
1,10000Syn100  Synthetic- 100%  82.6 0.38 114 16.6 29.2
1,10000Syn125  Synthetic- 125%  96.5 0.38 116 19.7 29.7
1,10000Syn100hv Sy”theﬂi\'/loo%’ 82.6 0.46 154 16.6 29.2
1,10000p2tp20100 szozlg:eecp_z’loo% 21.6 0.38 104 3.02 27.0
1,10000p2tp40100 Tp=Oilg§:CP—2iOO° . 343 0.38 107 5.84 27.4
1,10000p2tp60100 Pulse P2, 50.8 0.38 110 9.50 28.0

T,=0.60sec - 100%

*All units in g, mm, or kN
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TABLE 6-5 (cont.) Simplified Analysis Peak Response Values (Phase I, 0=45deg.)

Pier Response

Test Excitation
ApeLp P, Pu Ay Pug
1,0045NH100 Newhall - 100% 171 0.27 147 51.7 -
1,00455yn100  Synthetic - 100% 158 0.27 145 47.8 -
Pulse P2,
MO4SHAP20100 1 _yonic Togg, 287 0.24 129 7.15 -
Pulse P2,
nOB4SPAPA0I00 1 _yuncc Togg, 539 0.26 136 15.1 -
Pulse P2,
MOO4SPAPO0I00 1 _yicnic Togg, 828 0.26 140 24.1 -
n,33045NH100  Newhall - 100% 89.8 0.30 159 25.7 10.1
- 0,
1n.33045NH100hv Ne""hﬁ'lvloo %, 89.8 0.44 244 25.7 10.1
1,330455yn100  Synthetic-100% 108 0.30 160 31.4 10.2
Pulse P2,
m3BASPAP20100 1 oo gy, 2L 0.30 155 4.30 9.49
Pulse P2,
ni33PAPAOI00 1 _g'aoc og, 395 0.30 156 9.94 9.65
Pulse P2,
mi330ASPAPEOI00 1 _o'co gy, 682 0.30 157 19.0 9.90
- 0,
1,67045EC67 El Ce”x”fl 67%. 790 0.38 189 21.8 20.1
=
n,67045EC100  El Centro-100%  61.1 0.38 188 16.1 19.7
n.67q45NH100  Newhall - 100% 71.8 0.38 189 195 20.0
1,670455yn100  Synthetic - 100%  89.8 0.38 190 25.2 20.4
ic - 0,
1,67645Syn100hv Sy”theﬂivloo % 754 0.52 283 20.6 20.0
Pulse P2,
MOTOASPAP20100 oo gy, 251 0.38 186 4.84 19.0
Pulse P2,
MOTOASPAPA0I00 1 _anicc Gogy, 539 0.38 188 13.9 19.6
Pulse P2,
MOTOASPAPEOI00 _o'co Togg, 647 0.38 188 17.3 19.8
1, 100045NH100  Newhall - 100% 71.8 0.44 215 19.0 29.6

*All units in g, mm, or kN
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TABLE 6-5 (cont.) Simplified Analysis Peak Response Values (Phase I, 0=45deg.)

Pier Response

Test Excitation
AreLp P, Pu Ay Pug
- 0,
1, 100045NH100hv NeWhaH'Lvloo/‘" 64.7 0.54 287 16.8 29.2
1,1000455yn100  Synthetic - 100%  79.0 0.44 216 21.3 30.0
ic - 0,
1,1000455yn100hv Sy”theﬂivlooﬂ” 64.7 0.57 303 16.8 29.2
1,100045p2tp20100 T—OPZl:)I::cPZiOO% 21.6 0.44 212 3.21 27.0
=0.20sec -
Pulse P2,
nu100045p2pA0100 1 _o'uncc g, 431 0.44 213 9.98 28.1
1,100045p2tp60100 T—oitgiicpzim% 53.9 0.44 214 13.4 28.7
=0.60sec -

*All units in g, mm, or kN
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Table 6-5 (cont.) Simplified Analysis Peak Response Values (Phase I1)

Pier Response

Test Excitation
REL,P I:)u

X Y X Y Pu A Pus

1, ONH100 Newhall - 100% 762 533 028  0.28 228 19.8 -

N, ONH150 Newhall - 150% 914 711 038  0.38 309 24.8 -

n,0Syn100  Synthetic - 100% 117 991 033  0.33 270 32.9 -

n.0Syn150  Synthetic-150% 150 125  0.43  0.43 352 42,5 -
M,.33NH100 Newhall - 100% 432 381 031 031 245 10.5 10.3
n.33Syn100  Synthetic-100% 102 889 036  0.36 288 28.0 115
n.33Syn150  Synthetic-150% 125 109 046  0.46 371 34.9 12.0
N.67NH100 Newhall - 100% 432 356 035 0.35 269 9.67 20.5
n.67Syn100  Synthetic - 100% 483 889 040  0.40 311 20.9 22.1
n.67Syn150  Synthetic-150% 135 114 050  0.50 397 37.0 24.3
N, 100NH100  Newhall - 100% 457 356 0.38 0.38 288 9.76 28.1
N, 100NH150  Newhall -150%  53.3 483 048  0.48 369 12.6 28.5
n,100Syn100  Synthetic-100%  53.3 737 043 043 330 17.5 29.4
n,100Syn150  Synthetic-150% 130 117 053  0.53 415 35.6 32.4
NwNH100 Newhall - 100% 330 305 033 0.33 254 8.16 115
N.NH150 Newhall - 150%  50.8 40.6 043  0.43 338 13.0 12.6
NuwNH175 Newhall - 175% 635 483 044 044 341 16.5 13.1
NwNH200 Newhall -200%  71.1 50.8 0.44 044 343 18.4 13.4
1M.ySyn100 Synthetic - 100%  81.3 711 040  0.40 307 225 14.1
M., Syn150 Synthetic - 150% 965  86.4 050  0.50 390 27.2 14.6
N.Synl7s Synthetic - 175% 104 914 050  0.50 392 29.4 14.8

*All units in g, mm, or kN
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FIGURE 6-23 Experimental Response Results; El Centro 100%, n, =0.33, 6=0deg. (a)
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(d) Pier Leg Vertical Reactions, (€) TADAS Hyster etic Response
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FIGURE 6-88 (Cont.) Experimental Response Results; Synthetic 100% , n, =0.33 (cont.)
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FIGURE 6-89 (Cont.) Experimental Response Results; Synthetic 150% , n, =0.33 (cont.)
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FIGURE 6-90 (Cont.) Experimental Response Results; Newhall 100%, n, =1.0 (cont.) (f)
Pier Relative Displacement-Y, (g) Normalized Pier Base Shear-Y, (h) Pier Hysteretic, (i)
Normalized X-Y Plane Displacement, (j) Normalized X-Y Base Shear
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FIGURE 6-91 Experimental Response Results; Synthetic 100% , n,=1.0 (a) Pier Reative
Displacement-X, (b) Normalized Pier Base Shear-X, (c) Pier Hysteretic Response-X, (d)
Pier Leg Vertical Reactions, (€) Damper Hyster etic Response
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FIGURE 6-91 (Cont.) Experimental Response Results; Synthetic 100%, n, =1.0 (cont.)
(f) Pier Relative Displacement-Y, (g) Normalized Pier Base Shear-Y, (h) Pier Hysteretic, (i)
Normalized X-Y Plane Displacement, (j) Normalized X-Y Base Shear
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FIGURE 6-92 Experimental Response Results; Newhall 150%, n, =1.0 (a) Pier Relative
Displacement-X, (b) Normalized Pier Base Shear-X, (c) Pier Hysteretic Response-X, (d)
Pier Leg Vertical Reactions, (€) Damper Hyster etic Response
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FIGURE 6-92 (Cont.) Experimental Response Results; Newhall 150%, n, =1.0 (cont.) (f)
Pier Relative Displacement-Y, (g) Normalized Pier Base Shear-Y, (h) Pier Hysteretic, (i)
Normalized X-Y Plane Displacement, (j) Normalized X-Y Base Shear
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FIGURE 6-93 (Cont.) Experimental Response Results; Synthetic 150%, n, =1.0 (cont.)
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Pier Relative Displacement-Y, (g) Normalized Pier Base Shear-Y, (h) Pier Hysteretic, (i)
Normalized X-Y Plane Displacement, (j) Normalized X-Y Base Shear
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FIGURE 6-100 (Cont.) Experimental Response Results; Newhall 150%, n,, (cont.) (f)
Pier Relative Displacement-Y, (g) Normalized Pier Base Shear-Y, (h) Pier Hysteretic, (i)
Normalized X-Y Plane Displacement, (j) Normalized X-Y Base Shear
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FIGURE 6-101 (Cont.) Experimental Response Results; Synthetic 150%, 1, (cont.) (f)
Pier Relative Displacement-Y, (g) Normalized Pier Base Shear-Y, (h) Pier Hysteretic, (i)
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FIGURE 6-102 (Cont.) Experimental Response Results; Newhall 175% , n,, (cont.) (f)
Pier Relative Displacement-Y, (g) Normalized Pier Base Shear-Y, (h) Pier Hysteretic, (i)
Normalized X-Y Plane Displacement, (j) Normalized X-Y Base Shear
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FIGURE 6-103 (Cont.) Experimental Response Results; Synthetic 175%, n, (cont.) (f)
Pier Relative Displacement-Y, (g) Normalized Pier Base Shear-Y, (h) Pier Hysteretic, (i)
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FIGURE 6-104 (Cont.) Experimental Response Results; Newhall 200% , n,, (cont.) (f)
Pier Relative Displacement-Y, (g) Normalized Pier Base Shear-Y, (h) Pier Hysteretic, (i)
Normalized X-Y Plane Displacement, (j) Normalized X-Y Base Shear
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FIGURE 6-116 Experimental-Time History Response Quantity Trace Comparison;
Synthetic 100%, n, =0, PI (a) Pier Relative Displacement, (b) Normalized Pier Base
Shear, and (c) Pier Leg Force (Leg 1)
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FIGURE 6-117 Experimental-Time History Response Quantity Trace Comparison;

Newhall 125%, n, =0.33, PI (a) Pier Relative Displacement, (b) Normalized Pier Base
Shear, and (c) Pier Leg Force(Leg 1)
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FIGURE 6-118 Experimental-Time History Response Quantity Trace Comparison;
Synthetic 150%, n, =0.67, PI (a) Pier Relative Displacement, (b) Normalized Pier
Base Shear, and (c) Pier Leg Force(Leg 1)
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FIGURE 6-119 Experimental-Time History Response Quantity Trace Comparison;
Pulse P2, T,=0.60sec, 100%, n, =1.0, PI (a) Pier Relative Displacement, (b)
Normalized Pier Base Shear, and (c) Pier Leg Force(Leg 1)
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FIGURE 6-121 Experimental-Time History Response Quantity Trace Comparison;
Synthetic 100%, n,=0.33, PIl (a) Pier Relative Displacement X, (b) Pier Relative

Displacement Y, (c) Normalized Pier Base Shear X, (d) Normalized Pier Base Shear
Y, (e) Pier Leg Force(Leg 1)
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FIGURE 6-122 Experimental-Time History Response Quantity Trace Comparison;
Newhall 150%, n, =1.0, PII (a) Pier Relative Displacement X, (b) Pier Relative

Displacement Y, (c) Normalized Pier Base Shear X, (d) Normalized Pier Base Shear
Y, (e) Pier Leg Force(Leg 1)
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FIGURE 6-123 Experimental-Time History Response Quantity Trace Comparison;
Newhall 200%, n,y, Pl (a) Pier Relative Displacement X, (b) Pier Relative
Displacement Y, (c) Normalized Pier Base Shear X, (d) Normalized Pier Base Shear
Y, (e) Pier LegForce(Legl)
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FIGURE 6-124 Experimental-Time History Response Quantity Trace Comparison;
Synthetic 175%, n,, P!l (a) Pier Relative Displacement X, (b) Pier Relative
Displacement Y, (c) Normalized Pier Base Shear X, (d) Normalized Pier Base Shear
Y, (e) Pier LegForce(Legl)
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FIGURE 6-126 Experimental-Time History Response Quantity Trace Comparison;
Synthetic 150%, n, =0, P11, Stiffness Proportional Damping (3%) (a) Pier Relative
Displacement X, (b) Pier Relative Displacement Y, (c) Normalized Pier Base Shear
X, (d) Normalized Pier Base Shear Y, () Pier Leg Force(Leg 1)
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FIGURE 6-127 Experimental-Time History Response Quantity Trace Comparison;
Synthetic 150%, n, =0, P11, Stiffness Proportional Damping (5%) (a) Pier Relative
Displacement X, (b) Pier Relative Displacement Y, (c) Normalized Pier Base Shear
X, (d) Normalized Pier Base Shear Y, () Pier Leg Force(Leg 1)
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FIGURE 6-128 Experimental-Time History Response Quantity Trace Comparison;
Synthetic 150%, n, =0, PI1, Stiffness Proportional Damping (10%) (a) Pier Relative

Displacement X, (b) Pier Relative Displacement Y, (c) Normalized Pier Base Shear
X, (d) Normalized Pier Base Shear Y, (e) Pier Leg Force(Leg 1)
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FIGURE 6-131 Experimental-Time History Response Quantity Trace Comparison;
Synthetic 150%, n, =0, PI1, Modified Boundary Elements (a) Pier Relative
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FIGURE 6-132 Experimental-Time History Comparison of Peak Response (Revised
Damping Modél), Relative Pier Displacement (A,,), Phasel

FIGURE 6-133 Experimental-Time History Comparison of Peak Response (Revised
Damping M odel), Base Shear Force (P,), Phasel
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FIGURE 6-134 Experimental-Time History Comparison of Peak Response (Revised
Damping Model), Pier Leg Axial Force (P, ), Phasel

FIGURE 6-135 Experimental-Time History Comparison of Peak Response (Revised
Damping Model), Uplift Displacement (A,,)), Phase
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FIGURE 6-136 Experimental-Time History Comparison of Peak Response (Revised
Damping Model), Relative Pier Displacement X-direction (A 4 x), Phasell

FIGURE 6-137 Experimental-Time History Comparison of Peak Response (Revised
Damping Modedl), Relative Pier Displacement Y-direction (A, y), Phasell
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FIGURE 6-138 Experimental-Time History Comparison of Peak Response (Revised
Damping M odel), Base Shear Force X-direction (P,y), Phasell

FIGURE 6-139 Experimental-Time History Comparison of Peak Response (Revised
Damping M odel), Base Shear Force Y -direction (P,,), Phasell
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FIGURE 6-140 Experimental-Time History Comparison of Peak Response (Revised
Damping Mod€l), Pier Leg Axial Force (P, ), Phasell

FIGURE 6-141 Experimental-Time History Comparison of Peak Response (Revised
Damping Model), Uplift Displacement (A,,), Phasel|
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FIGURE 6-142 Experimental-Time History Response Quantity Trace Comparison;
Synthetic 100%, n, =0, PI (Revised Damping M odel) (a) Pier Relative Displacement,
(b) Normalized Pier Base Shear, and (c) Pier Leg Force(Leg 1)
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FIGURE 6-143 Experimental-Time History Response Quantity Trace Comparison;
Newhall 125%, n, =0.33, Pl (Revised Damping Model) (a) Pier Relative
Displacement, (b) Normalized Pier Base Shear, and (c) Pier Leg Force (Leg 1)
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FIGURE 6-144 Experimental-Time History Response Quantity Trace Comparison;
Synthetic 150%, n, =0.67, Pl (Revised Damping Modédl) (a) Pier Relative
Displacement, (b) Normalized Pier Base Shear, and (c) Pier Leg Force (Leg 1)
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FIGURE 6-145 Experimental-Time History Response Quantity Trace Comparison;
Pulse P2, T,=0.60sec, 100%, n, =1.0, Pl (Revised Damping Model) (a) Pier Relative
Displacement, (b) Normalized Pier Base Shear, and (c) Pier Leg Force (Leg 1)
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FIGURE 6-146 Experimental-Time History Response Quantity Trace Comparison;

Synthetic 150%, n, =0, PIl (Revised Damping Moddl) (a) Pier Relative Displacement
X, (b) Pier Relative Displacement Y, (c) Normalized Pier Base Shear X, (d)
Normalized Pier Base Shear Y, (€) Pier Leg Force(Leg 1)
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FIGURE 6-147 Experimental-Time History Response Quantity Trace Comparison;

Synthetic 100%, n,=0.33, PI1 (Revised Damping M odel) (a) Pier Relative

Displacement X, (b) Pier Relative Displacement Y, (c) Normalized Pier Base Shear
X, (d) Normalized Pier Base Shear Y, (e) Pier Leg Force(Leg 1)
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FIGURE 6-148 Experimental-Time History Response Quantity Trace Comparison;
Newhall 150%, n, =1.0, PII (Revised Damping Model) (a) Pier Relative
Displacement X, (b) Pier Relative Displacement Y, (c) Normalized Pier Base Shear
X, (d) Normalized Pier Base Shear Y, (e) Pier Leg Force(Leg 1)
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FIGURE 6-149 Experimental-Time History Response Quantity Trace Comparison;
Newhall 200%, n,, PIl (Revised Damping Model) (a) Pier Relative Displacement X,
(b) Pier Relative Displacement Y, (¢) Normalized Pier Base Shear X, (d) Nor malized
Pier Base Shear Y, (e) Pier Leg Force(Leg 1)
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FIGURE 6-150 Experimental-Time History Response Quantity Trace Comparison;
Synthetic 175%, 1., P!l (Revised Damping Moddl) (a) Pier Relative Displacement
X, (b) Pier Relative Displacement Y, (c) Normalized Pier Base Shear X, (d)
Normalized Pier Base Shear Y, (€) Pier Leg Force(Leg 1)
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SECTION 7

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR FUTURE RESEARCH

7.1 Summary

Thisresearch has investigated, using analytical and experimental methods, an approach for
the seismic protection of bridge steel truss piers that relies on controlled rocking. The
approach alows these piers to uplift from their foundation and uses passive energy
dissipation devicesimplemented at the uplifting location to control response. Proper design
of acontrolled rocking pier can allow the structure to remain elastic while providing a self-
centering mechanism using theinherent restoring force provided by itsgravitationa weight.
Many aspects of the behavior and design of controlled rocking 2-legged and 4-legged piers
are addressed.

This study was based from earlier work (Pollino 2004) that introduced and devel oped some
basi c concepts of the controlled rocking approach. Thekey parametersthat definethecyclic
hysteretic curve of a2-legged controlled rocking pier are provided in Section 2 and are used
in partsof thisreport. Also, animportant effect of rocking responseisdescribedinthat work
that characterizes and quantifies higher vertical mode participation during rocking response
that occurseven when piersare subjected to solely horizontal excitation. Thedynamicforce
effectsresulting fromthevertical mode participationiscapturedinthedynamicamplification

factors, Ry, and R, , which are used throughout this document.

The response of controlled rocking 2-legged piers to simultaneous horizontal and vertical
excitation is investigated in Section 3 to further develop the controlled rocking approach
from that donein Pollino (2004). First, methods of response prediction were devel oped that
combined the effects of multiple components of seismic excitation (X+Z) and the demands
due to dynamic forces that developed. Based on the current state of practice, a 100%-40%
combination rule was applied to effects resulting from multiple components of excitation
whilean SRSS modal combination rulewasapplied to effectsresulting from multiple modes
excited dueto asinglecomponent of motion. Nonlinear time history analysiswas conducted

to evaluate the response predictions. The ground motions were synthetically generated,
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characteristic of a site founded on rock, and the vertical pseudo-accel eration spectrum was

simply taken as 2/3 of the horizontal.

It wasthen desired to investigate the response of controlled rocking 2-legged piersto seismic
excitationtypical of thefault-normal component of shaking at asitecloseto afault (<15km).
Nonlinear time history analysis was conducted using earthquake records that were
synthetically generated considering a number of scenarios for a site located in Northridge,
CA at adistance ranging from 4.6 to 7.5km from the fault. The adequacy of the prediction
of key response parameterswasthen investigated to ensure that the sei smic response was not
significantly influenced by this* pulse” or “fling” typeof input. Followingthis, theinfluence
on displacement response of controlled rocking piers to ssimple pulse-type input was
examined. The correlation between pulse period and structural period on maximum
displacement response was investigated to determine the range to which this type of input

would significantly affect response.

Themagjority of thisresearch considerstheuse of stedl yielding devicesasthe passive control
device, but the use of fluid viscous dampers is also discussed. In each case, the energy
dissipated per cyclefor uni-directional motion of acontrolled rocking is defined and design

eguations are formulated for each set of devices.

The behavior of a 4-legged controlled rocking pier, undergoing bi-directional horizontal
motion, was developed at a fundamental level by defining the kinematic and hysteretic
variables relevant to its design. These properties were verified using nonlinear static
pushover analysis. Theapplication of thesimplified analysis procedure and design equations
were discussed and re-formulated to apply to the response of 4-legged controlled rocking
pierssubjected to threecomponentsof ground motion. Thedesign responsepredictionswere
then verified using nonlinear time history analysis using a 3-dimensional finite element
model.

An experimental program was performed for a one-fifth length scale, 4-legged bridge pier
specimen. The testing was conducted in two phases (using 5- and 6-DOF shake tables),
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implemented both steel yielding devices (TADAS) and fluid viscous dampers, and the
specimen was subjected to different forms of table input. Response was investigated for
solely horizontal (X), horizontal and vertical (X+Z), and al three components of motion
(X+Y+Z). White noise testing was performed to determine the “fixed-base” periods and
damping ratios of the model structure. The horizontal period in each direction was 0.40sec
and the structure had an inherent damping of approximately 2.8% of critical. Many seismic
testswere performed that generated amaximum relative pier displacement of 236mm (3.9%
drift) and 82mm of uplift. The specimen was not damaged during the testing program and
re-centered following each test. The results of the testing program were used to assess the
adequacy of the design predictionsand overall dynamic behavior. Analytical methodswere
assessed in terms of peak response and response history traces (in the case of time history

analysis).

7.2 Conclusions
An approach for the seismic protection of bridge stedl truss piers that relies on rocking
responsewith added passive energy dissi pation deviceshasbeen investigated using anal ytical

and experimental techniques. The key conclusions from this study are as follows:

1 The smplified method of analysis was shown to provide adequate results for the
prediction of maximum displacements. This included prediction of maximum
relative pier displacement of 2-legged piers, whether subjected to base excitation
typical of far-fault or near-fault seismic sources. For the case of bi-directional
horizontal rocking (discussed in Section 4), it was recommended to simply consider
the uni-directional pier properties using this analysis method. The uni-directional
properties provide alower-bound on the structural capacity and an upper-bound on
the seismic demand (after accounting for the equivalent damping). Therewereafew
instances in the prediction of the maximum displacement of the experimental
specimen in which the simplified analysis approach provided displacements 30%-
50% below that observed in experiments. Also, the maximum uplifting

displacements may be influenced by the vertical ground displacements which is not
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accounted for in the prediction of displacements and would primarily influence

deformations of the passive energy dissipation devices.

The bi-directional behavior developed for 4-legged piers showed that uplifting and
yield of three stedl yielding devices would result for aglobal displacement ductility,
considering uni-directional behavior, greater than 2.5 (u,,>2.5) using a100%-40%
directional combination rule. Thiswas an important conclusion for the design of

controlled rocking 4-legged piers.

Design equations for combination of multi-component, multi-modal force effects
were found to provide conservative, yet reasonably accurate, prediction of response.
The derivation of maximum forces assumes development of the controlled rocking
pier’syield mechanism (either uni-directional or bi-directional mechanism). Some
results of experimenta tests for systems that underwent bi-directiona response
showed significant deviation in force response from that predicted by the design
equations, however thiswas mostly for cases in which the pier was not subjected to
the design level of excitation. In general, the response of systems that achieved a
global displacement ductility (u ;) greater than approximately 3 matched reasonably
accurately with the predicted force response.

The development of the bi-directional yield mechanism and support of the pier ona
single leg along with the effects of vertical excitation can cause significant axial
forcesin the pier legs such that they may likely require strengthening. However, a
conventional seismically designed pier undergoing bi-directional yielding may
subject the leg to similar levels of axial force and would also require design of a

significant uplift force at the anchorage connection.

It was found that the analytical model is sensitive to the damping (or energy |0ss)
assigned. Different methods of damping were considered for calibration of the
analytical model to the experimental results. It wasfound that large damping values

inthe high frequency range of aRaylelgh damping matrix along with removal of pier
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member mass artificially removed the participation of many spurious higher modes

not present during experimental testing.

7.3 Recommendations for Further Research

Thefollowing recommendationsfor further research are provided based on the observations

and results of this research and for the continued development of the controlled rocking

approach for seismic resistance of structures:

1.

Theinfluence of boundary conditions at the base of the structure and damping model
inthefinite element analysis modeling should to be addressed. Aswasevidentinthe
modeling of the experimental specimen, the mechanism for energy lossin addition
to that provided by the energy dissipation devices can significantly influence the

maximum forces devel oped.

The influence of using controlled rocking piers on system response of an entire
bridge should be investigated. Interaction between piers due to flexibility of the
superstructure, although believed to be of limited influence, would be also integrated
insuch studies. Itislikely that different retrofit strategies would need to be applied
todifferent piersbased ontheir aspect ratios, stiffness, and connection details(among
other factors); and the impact on the overall response should be of primary interest.
The developments on the behavior of single controlled rocking piers in this study

have provided abasis for the inclusion into complete bridge systems.

The inclusion of the controlled rocking approach into building structures should be
investigated. Buildings provide additional flexibility in the design variables such as
rocking frame aspect ratio and different vertical and horizontal tributary weights.
Thesearevariablesthat can significantly influence therocking behavior. However,
large accel erationsin the building near the rocking frame may be detrimental to non-

structural equipment.
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APPENDIX A

REPRESENTATIVE PIER PROPERTIES
Calculations of the “fixed-based” stiffness and period of vibration for the adopted

“representative’ pier properties used in Sections 3 and 4 are shown in this appendix. The
properties for piers having aspect ratios of 3 and 4 are presented.
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Appendix A

Representative Pier Properties:

constants:
=981
General Pier 9=9 sec?
m m E := 200GPa
— * - -
P~1 2 2
—
A
m: bridge mass tributary to pier
Tower Diagonal (A, L,)
h
Ay cross-sectional area of tower diagonals
Ly: length of tower diagonals
Tower Leg (A))
\ 4
A : cross-sectional area of tower legs
— | —>
1730kN
m:=
g
Ag = 7097mm’
d-= (properties of piers assumed representative,
as discussed in section 3.4.2)
Lq == 10389mm

AL := 31100mm®

-pier moment of inertia

1
= EAL.d2 I =0832m"
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Appendix A

h 4 d := 7315mm
d h = 29260mm
-pier stiffness k:

Py:=1kN  (virtual unit load)

Ny =4 (number of x-braced bays)
bending: shear:
p,h° PyLg
Ab = AV = Np
3-El 2~E4d2-Ad
Py Py
kp :=— k, = —
b Ap v A,
N EEA !
= — 4 —
Ky ky
kN
ko =125——
mm

-natural period of vibration of fixed-base pier:

To:=2 m
=2 | —
(0] ko
Ty = 0.74sec
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Appendix A

h 3 d := 7315mm
d h == 21946mm

-pier stiffness k:

Py := 1kN  (virtual unit load)

Np:=3 (number of x-braced bays)
bending: shear:
p,h PyLg
Ap = Ay = Np
3-El 2-E4d2-Ad
Py Py
kb = I(v =
Ab AV
(LY !
= — 4 —
° kp  ky
kN
ko=231—
mm

-natural period of vibration of fixed-base pier:

T 2 m
=2 | —
0 K

Ty = 0.55sec
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APPENDIX B

HyYSTERETIC VARIABLESFOR CONTROLLED ROCKING 4-LEGGED PIER

The hysteretic variables for a 4-legged controlled rocking pier with general steel yielding
devices implemented at the base are provided in this appendix. The variables defining the
cyclic hysteretic behavior of 2-legged controlled rocking piers were developed in Section
2.6.1. The primary differenceis due to the use of four steel yielding devices (one attached
at the base of each leg) as opposed to two. The changes are quite subtle however are
provided here for reference since these variable will be used in Section 4 and aso for
description of properties of the experimental specimen, which had four legs. The variables
for 4-legged piers are displayed in table B-1 along with the variables for 2-legged piers

(derived in Section 2) for comparison.
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TABLE B-1 Variables Defining Uni-directional Cyclic Hyster etic Behavior

Variable Description 4-legged (Uni-directional) 2-legged
Base Shear at Point of "(d "(d
Uplift During 1% Cycle wl 5| p wl 5| p
Top of Pier Displacement ‘Pup] ‘Pup]
at Point of Uplift During A= k A= %
1% Cycle ° °
o 1 17 1 R
Rocking Stiffness (Post- k,: ; + 3 k,: ; + 5
Uplift Global Stiffness) o ok (2’) ok (é]
“\h “\ h
Base Shear at Point of B . d v d
Yielding of Devices Py'[7+2Fyd); Py = 7+Fyd h
Top of Pier Displacement w 2F w F
at Point of Device A=l =+ | d A=l =2 7
Yielding During 1% Cycle 2k, k. |h 2k, Kk |h
Base Shear at Point of d w d
Compressive Yielding of P=l= 2F, ||~ P=l= ~Full =
. 2 h 2 h
Devices
Top of Pier Displacement 4r 4 2F 4
. . J'dh h ydh h
at Point of Compressive A=A - -2A 2 A=A, - -2A,=
. A i c k ydd 4 U k ydd
Yielding of Devices ° °
F F
. —_ -_
Local Strength Ratio (n,) n; w/4 " w2
Base Shear at Point of o\ d o . \"d
Uplift During 2™ Cycle Py =P, =(1-7p) 2k Py =P, =(1-7p) 2k
Top of Pier Displacement PupZ PupZ
at Point of Uplift During Ay = k Az = %
2™ Cycle ° °
Top of Pier Displacement w, d d w, d d
at Point of Device (1 mL)?Z 4 Fydz (1 '%)7; 2 Fydz
H H H nd A = + A = +
Yielding During 2™ Cycle ) ko kr ) ka kr
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APPENDIX C

CALIBRATION OF LARGE CAPACITY LoAD CELLS

C.1 Genera

Thisappendix discussesthe procedure and data obtained for the calibration of the set of four,
five-channel large capacity (black) load cells (LC). These load cells were used during the
experimental testing to measurereactionsat the base of the pier specimen. Thefive-channel
reaction load cells described here were designed and constructed for the Structura
Engineering and Earthquake Simulation Laboratory (SEESL) by a faculty member of the
Department of Civil, Structural, and Environmental Engineering at the University at Buffalo.

C.2 Load Cell Description

The load cells are identical, to within fabrication tolerances, in terms of construction,
geometry and instrumentation. Each LC consists of a thick wall cylindrical steel tube
machined to a specified thickness, two square steel end-plates, connection hardware, four
strain rosettes, twelve uniaxial stain gages, connectivewiring, and aprotectivecover. A LC

elevation and plan view, including dimensions, is shown in figure C-1.

The machined portion of the thick wall cylindrical steel tube forms the instrument portion
of theLC and governsitscapacity. Sinceinelastic (permanent) deformationsareundesirable,
the stresslimit of the LC isrestricted to the el astic limit of the material and dependent on its
cross-section geometry. Thecapacity of oneLC, intermsof firstyield, toresist simultaneous
axial (normal) force, shear force, and bending moment isplottedinfigure C-2. Inthisfigure,
theaxial force capacity is plotted asafunction of the applied moment for various, arbitrarily
chosen, levels of applied shear force. Each line corresponds to a specific shear force
magnitude asindicated by thetwo numerical valuesplotted atop theline. Thefirst numerical
value isin units of kilo-newton and the second, in parenthesis, in units of kips. The lines
plotted in figure C-2 were calculated using Von Mises criterion:

o’ +37 = cy2 (C-1)
where c=normal stress; t=shear stress; and c,=Yyield stress set equal to 250MPa (36ks ).
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Each LCisinstrumented withfour strain rosettesand twel ve uniaxial strain gages positioned
around the circumference of the machined portion of thecylindrical steel tube. Theposition,
orientation, and connectivity of these gages facilitates the measurement of applied: (N)
normal forcein the z-direction; (Sx) shear forcein the x-direction; (Sy) shear forcein they-
direction; (Mx) moment in the x-direction (about the y-axis); and (My) moment in the y-
direction (about the x-axis). Individual gages and rosettes are grouped around the
circumferenceof theLC. The position and orientation of each gagewithin aparticular group
is shown by the schematic presented in figure C-3a. In thisfigure, gage numbers 1, 2, and
3 compose a strain rosette while numbers 4, 5, and 6 are individual uniaxial strain gages.
Group location around the circumference of the cross-section is shown. Specific gages
around the circumference are connected to form Wheatstone bridge circuits (Sabnis, 1983).
Theconnectivity of each gage and theresulting five Wheatstone bridge circuitsare presented

diagrammatically in figure C-3b.

Each circuit diagram shown in figure C-3b is denoted by an abbreviation of the measured
action, for example, N, represents the normal force circuit. In this figure strain gages are
denoted using atwo digit a pha-numeric sequence representing the group and gage number.
Thenormal circuit is composed of gages measuring normal strain (A2, B2, C2 and D2) and
thermal compensation gages oriented perpendicular to the normal strain (A6, B6, C6 and
D6). The shear and moment circuits are designed such that no additional gages are required

for thermal compensation.

C.3 Load Cell Calibration

The LCswere calibrated against a NIST (National Institute of Standards and Technol ogy)
traceablereferenceload cell (Cadibration Certificate: UB-2006-03-02) using the TiniusOlsen
tension-compression machine, manufactured by the Tinius Olsen Testing Machine Co.
formerly of Willow Grove Pennsylvania, and a Pacific Instruments 6000 Acquisition and

Control system.

Two configurations were required to calibrate al five channels of each LC. The normal

force channels were calibrated ssimultaneously by stacking the LCs in series with the

384



reference load cell, then compressing the reference and reaction LCs using the Tinius Olsen
machine (see figure C-4a). The shear and moment channels were calibrated using a two-
point loading scheme (as shown in figure C-4b). The reference load cell and a W310x67
(W12x45) “two-point” loading beam were used to apply two-point loading to the reaction
LC assembly. Steel 12.7mm(1/ 2in) diameter rods were used to simulate point loading and
to support each end of the reaction LCs. The stedl rods supporting the two-point loading
beam were approximately located at the center of the inner end-plate of the outer two load
cells then tack welded to the two-point loading beam. The steel rods supporting the LCs
were approximately located at the center of the outer end-plates of the outer load cells. The
actual location of the rods was measured each time the orientation (or arrangement) of the
load cells was changed to ensure consistent set-up dimensions for calculation of applied
momentsto theload cells. During two-point loading, ashear channel of the outer load cells
and amoment channel of theinner two load cellswere calibrated. The remaining shear and
moment channels were calibrated through a series of rotating and rearranging the LC

assembly.

A PacificInstruments 6000 Series Acquisition and Control Systemwasused to calibrateeach
channel and to record calibration data-sets. Each channel was calibrated according to the

following procedure:

1. balance channels (circuits)

2. zero reference load cell

3. apply load viathe Tinius Olsen machine

4. initiate atwo-point engineering unit (EU) calibration

5. enter first EU calibration point (at full-scale)

6. remove load

7. enter second EU calibration point (zero load)

8. determine EU slope for channel under calibration (CUC)
9. balance circuits again

10. zero reference |oad cell

11. initiate calibration data-set
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12. apply asingle sided cycle of loading to full-scale EU value
13. terminate calibration data-set

A summary of calibration information is presented in table C-1. For each channel the
followinginformationisprovided: DataAcquisition (DA Q) channel; Engineering Unit (EU);
Gain; Unamplified Full-Scale Output in milli-volts, Amplified Full-Scale Output in volts;
EU slope in Engineering Unit per milli-volt; Full-Scale EU; and the Amplified Output per
EU.

Calibration curves (data-sets) for each load cell are presented in figure C-5 through figure
C-8. Each plot presentsthe output of all five channels of aparticular LC asafunction of the
reference signal for a particular channel under calibration (CUC) as identified by the sub-
caption. Each scaleisthen normalized by the maximum reference cell recording (P,,,,) for
the data set taken. In some instances data-sets were recorded prior to the calibration of all
the LC channels. In this case, the signals recorded prior to calibration were adjusted
according to the results of calibrating those particular channels. Moment signals in the
normal calibration are unaltered, therefore the valuesread off they-axis (onthe /P, , scale)
are correct however the unitsareinches. Lastly, moment signalsin plots where moment and
shear were under calibration arealso normalized by the Arm value (276mm or 10.875in.) for
the purpose of presentation. For compl eteness, the measured Arm valueis presented in these
plots. In many plots a significant signal from channels other than the CUC are observed.
This can be attributed to either the calibration setup, gage location, and/or slight gage
misalignment. Thisis especialy apparent in the normal calibration data sets.
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[%' [@152 mm]

l._t.' [152 mm]

(a) Plan View

(b) Elevation Cross-section View

1-1°[330mm] 3" [76 mm]

FIGURE C-1 LargelLoad Cdl Dimensions
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FIGURE C-2 LC Capacity based on Von MisesYield Criterion
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|z Legend
A Gage group
1 Gage number
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FIGURE C-3 Internal Strain Gage Layout and Circuitry of Load Cells (a) Strain
Gage Layout on L C Cylinder and (b) Wheatstone Bride Circuits (adapted from
Bracci et. al. 1992)
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(@ (b)

FIGURE C-4 Load Cell Calibration Set-up Photographs (a) Normal Calibration
and (b) Shear and Moment Calibration
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Load Cell Reaction/P,,,,

in

0.5

(a) Sx

(c) Mx

Reference Cell/P,,,,
(&N

(b) Sy

(d) My

FIGURE C-5 Calibration Data SetsFor LC1
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Load Cell Reaction/P,,,,,

-0.5

(a) Sx (b) Sy

(c) Mx (dyMy

Reference C('ll.fP,,.,._ -

(e) N

FIGURE C-6 Calibration Data Sets For LC2
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Load Cell Reaction/P,,,,

(a) Sx (b) Sy

(€) Mx (d) My
e |
—Mx
- My
025 D 0. |
Reference Cell/P,,,,
(&N

FIGURE C-7 Calibration Data Sets For LC3
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Load Cell Reaction/P,,,,,

-0.5

(a) Sx (b) Sy

(c) Mx (dyMy

Reference Cell/P,,,,

(e) N

FIGURE C-8 Calibration Data Sets For LC4
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APPENDIX D

RESPONSE PREDICTION CALCULATIONS

A sample set of calculations of response using the simplified method of analysis and design
eguationsfor the experimental specimenwith steel yielding devicesand viscousdampersare
provided in this appendix. The calculations presented are based on developments from
Sections 2, 3, and 4 and discussion of the experimental model propertiesin Sections 5 and
6.
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Appendix D - Steel Yielding
Device Calculations

Model Pier Properties
hm := 6.09m
dm:= 1.52m (rocking width)

deim == 1.32m(column centerline width)

h
M _4
dm
Wy = 80.1kN
W, = 80.1kN
me
mxm =
g
WZm
Mzm == ——

Mass Dimensions and Mass Moment of Inertia of Added Mass (steel plates):
Wgp := 3073mm

dsp = 178mm

1 Wxm 2 2
onm = E . Wsp + dsp

kN
onm = 632 _m2

Em = 200GPa (modulus of elasticity of steel)

Column Properties Beam Properties Diagonal Properties
9 4 01m = 34deg
AL m = 15.55cm lpm == 137cm drod == 9.53mm
4 0925m := 42deg
lemxx = 429cm Ly := 88.9cm
715'dr0d2 2

Np:=5 Agm = 0.70

lemyy = 91.6cm” Agm = 49.931 mm

Lgyym := 102cm
(effective length of diagonals)

Lagxxm := 122cm

him := 5.97m

PpreD = 17.8kN (pre-tension force applied to diagonals)
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Appendix D - Steel Yielding
Device Calculations

Pier Stiffness in X-X Direction Stiffness of Single Frame in X-X Direction
kN

Koxm = 2.0—— Koxm
mm Kxfm := 5

Modes of Interest:

EmA
KLm = —mam (axial stiffness of single pier leg)
hm
kN - e .
kym = 425——  (vertical "shearing" stiffness of pier)
mm

Horizontal Vibration of Pier:

m
Toxm = 2'7[' ﬂ Toxm = 0.4seC
koxm
Axial Vibration of Pier Leg: kN
g KLm = 51.067 —
p mm
Tim= 21 |[—= T = 0.04sec
Vertical Shearing Vibration of Pier:
m
Tum= 21 |[—=  Tym = 0.062 sec
N . Toxp
tprov-= (time scale factor
oxm

provided based on
fixed-base period of
Mprov = 1.843  pier)
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Appendix D - Steel Yielding
Device Calculations

Steel Yielding Device Properties (TADAS)

nL:= 0.67  (system local strength ratio)

L := 88.9mm
b := 54.0mm
t:=11.1mm
Fy := 50Kksi
N:=2

=8.01 Ymax = 0.30

aTADAS = 0.02 (post-elastic stiffness ratio)

Emb-N
KeTADAS = :

6
Fy~b-t2~N
VYTADAS = =
Y 6-L
A ===
PTADAS = 5 £

kN
KeTADAS = 7.0—
mm

VyTADAS = 8.60kN

ApTADAS =1.841 mm

Wzm
VpTADAS = NL- 2 VoTADAS = 13.42kN
Ymax'L . . - Lo
LTADAS = LTADAS = 14.5 (maximum device ductility based on limiting
ApTADAS rotation to y,,,)
Q=15 (device overstrength factor)
dy = 0.75
QnL-Wzm . .
—————— = 20.1kN (maximum device output shear force)

2
Mp = Q-N-b-(E) Fy

Mp = 1720kN-mm

(maximum device output bending moment)
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Appendix D - Steel Yielding
Device Calculations

Development of Uni-directional Pushover Curve

-2nd cycle properties used
-Used for approximate analysis method (cap. spec.)

Uni-directional Yield Properties of System:

Wy d
Pupt = ——=  Pyp1 = 10.00kN
2 hp
Wzm dm
Pup2 = |1 - . —
up2 ( T1L) > h
Pup2 = 3.30kN
Pup2
Au 2 =
P Koxm
Ayp2 = 1.65mm
kp:= L
=T 1 (rocking stiffness)
+
Koxm dm 2
(z'keTADAS)'(_j
hm
kN
ky = 0.608 —
mm
Wzm dm dm
Py2 = h_ + 2'VpTADAS'h_
m m
Py2 = 16.69 kN
Wzm dm dm
(1-mny)- e 4'VpTADAS'h_
Ay = il + "
g Koxm ke
Ay2 = 23.69mm
Wzm dm dm
— 2V —
2 o pTADAS o
Ay1 = +
y Koxm Kr

A upl =

Pupl

koxm
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Appendix D - Steel Yielding
Device Calculations

A := 0in,0.05in.. 30in

[T W
P(a) = [koxm - %j-A} if A <Aypo
m
Wzm Wzm )
Koxm — h_j'AupZ + (kr T -(A - Aupg) if Ayp2 <A <Ay
m m
Wzm Wzm .
Koxm — h_j'AupZ + (kr - h_ -(Ayz - Aupz) if A> Ay
m m
1 1 -1 wy,
+ + _ -(A _ Ayz)
Koxm dn 2 hm
QTADAS'(Z'keTADAS)'(_j
m
- W.
1 n 1 _am 4.158 x 10_3k—N (post-yield stiffness)
Koxm d 2 hm mm
m
aTADAS (2-KeTADAS): P
m

Idealized Bi-linear, Uni-directional Pushover Curve:

Pier at Target Maximum Uni-directional Displacement:

Ay = 135mm (maximum pier displacement, iterated to determine effective damping of system)

Uni-directional Pushover Curve

30T
20T
z
<
o
10T
: :
0 50 100
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Appendix D - Steel Yielding
Device Calculations

Converstion to Spectral Capacity Curve:

( ) ] P(A) g ¢:=1 (conversion to spectral ordinates, piers idealized
Sac\A) = M1 E as SDOF system for horizontal response)
r=1
A
Sacla) = —
-
Spectral Capacity Curve
3 03T
S
IS
R
8 o2
<
8
g
& 01T
: : : : : :
0 20 40 60 80 100 120

Displacement (mm)

Spectral Demand Curve:

Wy = %'PyZ'Au (stored strain energy at displacement, D)

Wp := 4'Py2'(Au - Ayz) (energy dissipation of bi-linear system at displacement, A, )

Bo:= 0.02 (assumed inherent structural damping)

Wp . Wp
Bp:= if >0 Bp = 0.505
4.mt-Wk 4-mt-Wy
0 otherwise
_ nL (factor accounting for flag-shaped hysteresis
= 1+mn q=0401 geviation from bi-linear response)

Beff == d-Bp + Bo

Beff = 0.22 (equivalent viscous damping for inelastic system)
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Appendix D - Steel Yielding
Device Calculations

Bs:= |0.8 if Beff <0.02 By:= |0.8 if Beff<0.02

x1 if 0.02 < Beff <0.05 y1 if 0.02 < Beff <0.05
X2 if 0.05 < Beff < 0.10 yo if 0.05 < Beff <0.10
x3 if 0.10 < Beff < 0.20 y3 if 0.10 < Beff < 0.20
Xq if 0.20 < Beff < 0.30 ya if 0.20 < Beff < 0.30
x5 if 0.30 < Beff <0.40 yg if 0.30 < Beff < 0.40
Xg if 0.40 < Beff < 0.50 ye if 0.40 < Beff < 0.50
3.0 if Beff > 0.50 2.0 if Beff > 0.50

Bs = 1.914 Damping Modification Factors

B, - 1546 ‘FEMA 273 Table 2-15)

PSAsyn = (read in file containing spectra data for actual acceleration

CLHOETSynI50 Speck TXT history recorded on shake table)

TTSyn =
C:\\TT-ActualMotions. TXT

Sax = PSAgyn-g
TT := TTgyn-sec

a 0.4sec

0=
Mtprov

Sav = 2.75g (vertical spectral acceleration value at vertical period of pier)
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Appendix D - Steel Yielding

Device Calculations

Demand Spectrum

4.933

PSAsyn

0.03

0.01 TTsyn

Sec

Reduction of Spectral Demand Curve for Equivalent Damping:

Saxj
Saxr = if TT.<T
aer Bs i 0

Sax.
L if T2 T,

B1

Conversion to Spectral Demand Curve:

TTJ. 2
Sddx. == | — | ‘Sax.
J 2.1 J
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Appendix D - Steel Yielding
Device Calculations

Tplot := 0.5sec, 1.0sec .. 2sec

X := 0in, 1in.. 30in
2
4-m
Y(Tplot,X) = 2X
Tplot
. Capacity Spectrum Plot
;(_J; SaC(A)
T Y(Tpior.%)
s -
g2 9
o
S Sax
£
s 9
2
;__g Saxr.
wn
s 9
[3]
m
0
0 Sa(d) xSt Saax, 200
mm ' mm’ mm ' mm
Deformation and Spectral Displacement-in
Ayf := 135mm (displacement at intersection of reduced spectral demand and

spectral capacity curves, iterative with initially guessed max
displacement, Au)
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Appendix D - Steel Yielding
Device Calculations

Design Displacements and Forces:

Maximum Pier Displacements:

Ayx := 135mm Ayy = 114mm

Auto0d0 = | (10max( A, Auy)? + (04 min( Ay, Auy))?

Ay10040 = 1425 mm  (100% - 40% Combination Rule for Orthogonal Ground Motion Components)

Maximum Uplifting Displacment:

WZm dm

d ;)
m . m
m Xm

Aypbi = 37.0mm

Maximum Device Rotation:

Aupbi
L

YTADAS = YTADAS = 0.42

Maximum Device Force:

Pud == Q-VpTADAS + aTADAS'keTADAS'(Aupbi - ApTADAs)

Pud = 24.3kN

Maximum Impact Velocity:

1 Wxm (ﬂLz— 1) dm ? dm
Vox = |0 : : 1 — 1| +2nL-ApTADAS + Au><~—~(1 - nL)
1 (hm 1
_— — + [e—
4 dp 2

mm
Vox = 148.1 g
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Appendix D - Steel Yielding
Device Calculations

1 . me.(m_z— 1)'(dm]2

dm
+2n-ApTADAS + 0-40Auy'h_'(1 - 1)

Voy = g o
2 2 k h
1 h_m N 1 oXm m m
4 \ dmy
mm
Voy = 98.55

VO = VOX + Voy

mm
Vo = 246.6 —
sec

Dynamic Amplification Factors During Rocking Response:

Tym = 0.062 sec TLm = 0.04 sec
-1
1 1
Puxst == Py2 + + '(A ux — Ay2)
oxm dnm 2
aTADAS'(Z'keTADAS)'(h_]
m
W. d
[ Wxm  2-VpTADAS | dm xm _m
Y ke K b 2 hm
oxm r m Aup1 =
I(OXm
Mzm-Aux
- 2. f_ - T Aup1
Tsec = 2T Puxst Tsec = 1.55sec ty = ﬁ-asin( up j ty = 0.0083 sec
2'TE Aux
1 -t
T 5 Ayt sin| —
try = —C asin| 2 tpy = 0.013 sec TLm
Vo Aux Ve RaL= || 1+ T if trL>3Tim
i TE'trV TLm
sin
Tym . [ mtL
Ravi= [| 1+ 2| if ty>3Tum sin| —
d max 1.67,| 1 + if t <3 Tim
Tum Tt
i TE'trV TLm
sin| —
max 1.67,| 1+ ——— 2L 1 jf < 3-Tym
Ty
TVm
Rgy = 1.92 RgL = 1.93
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Appendix D - Steel Yielding
Device Calculations

Maximum Base Shear Force:

Sav = 2.75¢ (vertical spectral acceleration response at vertical period of pier, 2% damp)

3-Wzm 3 dm
PuFst := s E'VpTADAS .
m

100-40 Combination Rule:

Pu100401 = 1-33{Pqut + LO{Purst-(Rav — 1)] + 0-4{ g oA

Pu100402 = 1-?’3{qust + 0-4'[Pqut'(Rdv - 1)] + ( 3 “Sav'T—

Pu10040 = maX(Pu1004o1, Pu100402)

Pu10040 = 45.6 kN Pu10040

— =050
Wzm + me

Maximum Diagonal Member Axial Force

Pu10040
1.33

2-cos(e 1m)

PaEQ = PgEQ = 20.687 kN

Pud = PdEQ + PpreD PpreD =178 kN

Pud = 38.49 kN

Maximum Pier Leg Axial Force:

Absolute Sum Rule:

MzmKLm Wzm
PuLabs = (Wzm + 3'VpTADAS) + MzmSay + Vor ’—4 + (RdL - 1)' 4

3Wy
+( PR 3'VpTADASj'(RdV - 1)

PuLabs = 531.7 kN
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Appendix D - Steel Yielding
Device Calculations

100-40 Directional and SRSS Modal Combination Rules:

PuL1:= (Wzm + 3'VpTADAS) + 0.4-mzm-Say -

2 2 2
Mym KL w 3-W.
+1.0 [Vo‘ /%) + [(RdL - 1) :m} + K 4zm + 3'VpTADASj'(Rdv - 1)}

PuL1 = 349.1kN

PuL2 = (Wzm + 3'VpTADAS) + 1.0-mzm-Say -

2 2 2
Mzm-KL w 3w
+04 [Vo‘ ’y] + [(RdL - 1) :m} + K 4zm + 3'VpTADASj'(Rdv - 1)}

PuL2 = 396.9 kN

PuL = maX(PuLla PuLz)

PuL = 396.9 kN
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Appendix D - Viscous Damper
Calculations

Model Pier Properties
hm := 6.09m
dm:= 1.52m (rocking width)

deim == 1.32m(column centerline width)

h
M _4
dm
Wy = 80.1kN
W, = 80.1kN
me
mxm =
g
WZm
Mzm == ——

Mass Dimensions and Mass Moment of Inertia of Added Mass (steel plates):
Wgp := 3073mm

dsp = 178mm

1 Wxm 2 2
onm = E . Wsp + dsp

kN
onm = 632 _m2

Em = 200GPa (modulus of elasticity of steel)

Column Properties Beam Properties Diagonal Properties
9 4 01m = 34deg
AL m = 15.55cm lpm == 137cm drod == 9.53mm
4 0925m := 42deg
lemxx = 429cm Ly := 88.9cm
715'dr0d2 2

Np:=5 Agm = 0.70

lemyy = 91.6cm” Agm = 49.931 mm

Lgyym := 102cm
(effective length of diagonals)

Lagxxm := 122cm

him := 5.97m

PpreD = 17.8kN (pre-tension force applied to diagonals)
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Appendix D - Viscous Damper

Calculations
Pier Stiffness in X-X Direction Stiffness of Single Frame in X-X Direction
kN
Koxm = 20— Koxm
mm Kxfm :=
2
Modes of Interest:
EmA
KLm = —mam (axial stiffness of single pier leg)
hm
kN T N .
kym = 425——  (vertical "shearing" stiffness of pier)
mm
Horizontal Vibration of Pier:
m
Toxm = 2'7[' ﬂ Toxm = 0.4seC
koxm
Axial Vibration of Pier Leg: kN
g KLm = 51.067 —
p mm
Tim= 21 |[—= T = 0.04sec
Vertical Shearing Vibration of Pier:
m
Tum= 21 |[—=  Tym = 0.062 sec
N . Toxp
tprov-= (time scale factor
oxm

provided based on
fixed-base period of
Mprov = 1.843  pier)
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Appendix D - Viscous Damper
Calculations

Viscous Damper Properties

oa:=05 (damping exponent)

o
C:= 1.500kips-(£) (damping coefficient)
in

Ay = 96.5mm (maximum pier displacement, iterated to determine effective damping of system)

Wzm dm
2 hp |dn
AgpL = | Ay~ —— |-—
P Koxm ) Nm
AypL = 0.806 in

Development of Uni-directional Pushover Curve

-2nd cycle properties used
-Used for approximate analysis method (cap. spec.)

Uni-directional Yield Properties of System:

Wy d
Pupt = ——=  Pyp1 = 8.88kN
2 hp
Pupl
Au 1 =
P koxm
Py2 := Pup1
Py2 = 8.88 kN
Ayl = Aupl
Ay1 =4.23mm
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Appendix D - Viscous Damper
Calculations

A := 0in,0.05in.. 30in

W
P(a) = (koxm - %j-A if A <Ayp
m

Wzm Wzm .
koxm i — Aupl - _(A - Aupl) |f A > Aupl
hm hm

-W
o -0.013 KN (post-yield stiffness)

hm mm

Idealized Bi-linear, Uni-directional Pushover Curve:

Pier at Target Maximum Uni-directional Displacement:

Uni-directional Pushover Curve

30T
20T
z
S
[a
10T
1 1 1 1 1 t

0 20 40 60 80 100 120

Converstion to Spectral Capacity Curve:

( ) _ P(A) g ¢:=1 (conversion to spectral ordinates, piers idealized
Sac\A) = M1 E as SDOF system for horizontal response)
ri=1
Sac(a) = —
I
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Appendix D - Viscous Damper
Calculations

Spectral Capacity Curve

Spectral Acceleration (g)
o
N

01T

0 20 40 60 80 100 120
Displacement (mm)

Spectral Demand Curve:

Wy = %'PyZ'Au (stored strain energy at displacement, D)

Wym:A
Teec = 2-7 —xm Tsec = 1.87 sec

9-Py2
o 2
o (F(l + ED " (energy dissipated by 2 dampers in 1cycle
Wp = 2| =5 | o 42* '(AupL) * at displacement, A,)
Tsec F(Z + U,)

Bo:= 0.02 (assumed inherent structural damping)

Wp = Wp
Bp:= if >0 Bp=0.292
4.mt-Wg 4-mt-Wy
0 otherwise
Beff == Ppo + Bo

Beff = 0.31 (equivalent viscous damping for inelastic system)
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Appendix D - Viscous Damper

Calculations
Bs:= [0.8 if Beff <0.02 B1:= ]0.8 if Beff <0.02
X1 if 0.02 < Beff < 0.05 y1 if 0.02 < Beff <0.05
X2 if 0.05 < Beff < 0.10 yo if 0.05 < Beff <0.10
x3 if 0.10 < Beff < 0.20 y3 if 0.10 < Beff <0.20
X4 if 0.20 < Beff < 0.30 y4 if 0.20 < Beff <0.30
x5 if 0.30 < Beff < 0.40 y5 if 0.30 < Beff <0.40
Xg if 0.40 < Befs < 0.50 ye if 0.40 < Beff < 0.50
3.0 if Berf > 0.50 2.0 if Beff > 0.50
Bs = 2.346 Damping Modification Factors
FEMA 273 Table 2-15)
By =1.723
PSAsyn = A . .
Y| (read in file containing spectra data for actual acceleration
Cl \hlvsynlS SpeckTXT history recorded on shake table)
TTS n = ]
g
C\.\TT-ActualMotions. TXT

Sax = PSAgyn-g
TT := TTgyn-sec

a 0.4sec

0=
Mtprov

Sav = 2.75g (vertical spectral acceleration value at vertical period of pier)
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Appendix D - Viscous Damper

Calculations
Demand Spectrum
4.928
PSAgyn
0.032
0.01 TTsyn

Sec

Reduction of Spectral Demand Curve for Equivalent Damping:

Saxj
Saxr = if TT.<T
aer Bs i 0

Sax.
L if T2 T,

B1

Conversion to Spectral Demand Curve:

TTJ. 2
Sddx. == | — | ‘Sax.
J 2.1 J
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Appendix D - Viscous Damper
Calculations

Tplot := 0.5sec, 1.0sec .. 2sec

X := 0in, 1in.. 30in

2
4-m
Y(Tplot,X) = 2X

Tplot

. Capacity Spectrum Plot
;(_J; SaC(A)
T Y(Tpior.%)
AL
g2 9
o
S Sax
£
s 9
2
;__g Saxr.
wn
s 9
[3]
m

0

0 Sa(d) xSt Saax, 150
mm ' mm’ mm ' mm
Deformation and Spectral Displacement-in
Ayf := 96.5mm (displacement at intersection of reduced spectral demand and

spectral capacity curves, iterative with initially guessed max
displacement, Au)
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Appendix D - Viscous Damper
Calculations

Design Displacements and Forces:

Maximum Pier Displacements:
Ayx := 96.5mm Ayy = 86.4mm

Auto0d0 = | (10max( A, Auy)? + (04 min( Ay, Auy))?

Ay10040 = 1025 mm  (100% - 40% Combination Rule for Orthogonal Ground Motion Components)

Maximum Uplifting Displacment:

Wan On
dm ) 2 hnp
m XTm

Aypbi = 27.2mm

Maximum Impact Velocity:

-maximum impact velocity in x-direction, where "x" is considered the larger displaced direction here

2
Wzm d_m
dn 2 | hm

AupLx = 1.0-max(Ayx, Ayy)— ~

hm Koxm
Wym-Aux
Tsecx = 27 /gTz
Ty

o 2
T o +o
W =2 —. cl 4.2 N
Ve 4 ( secx] F(Z + a) ( upLx)
2 Wzm
Vox = AupLx: — Wydx

mm
Vox = 73.3 g
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Appendix D - Viscous Damper

Calculations
2
) dm 2 |\ hp
oxm

Wym-Auy
Tsecy =2 | ———
9-Py2

1 2\ 1+
. o a

Wygy = 2| — -c| 4-27- | AypL
vay 4 [ secyj 1_(2 + a) ( up Y)

2 Wzm
Voy = . AupLy_ — Wvdy

h 2 L 2

m

o [d—j "2
m

mm
Voy = 48.788 E

VO = VOX + Voy

mm
Vo = 122.1 —
sec

Maximum Device Force:

Pud == C-Voa
Pud = 14.6kN
a Pud
T W, MLy=0705
4
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Appendix D - Viscous Damper
Calculations

Dynamic Amplification Factors During Rocking Response:

Tym = 0.062 sec TLm = 0.04sec
Mzm-Aux
Teec=2:m- |[————  Tsec = 1.87seC
T Aupl
Tse(; AU 1 — SeC' . up _
o —asin| — tpy = 0.013 sec trL: o asin ™~ ty = 0.013 sec
ux
n Aux
[ Tt
sin -
Lm .
RaL:= || 1+ ———=| if t,. >3 Ty
ﬂ-trL
-
. TE.tr.V Lm
sin - (rty
vm .
Rav:= || 1+ if ty >3- Tym .
™l max 1.67,| 1 + ——"2 || if t <3-T|m
ﬂ-trL
Tvm
TLm
[ Tty
{22
max 167, 1+ ——"2L || if t,, <3 Tym
Tty
Tvm
Rav =193 Rq = 1.83

Maximum Base Shear Force:

Sav = 2.75¢ (vertical spectral acceleration response at vertical pe

PuFst = (

100-40 Combination Rule:

3-Wzm 1 o o dm
+ E'C'VO + C'VOX . h

m

Mzm

Pu100401 = 1-33{Pqut + L0 Pyrst-(Rav - 1)] + 0-4{

3-mzm
Pu100402 := 1.33|:Pu|:st + 0.4-[Pqut.(RdV - 1)] + (T'Sav'_

Pu10040 = maX(Pu1004o1, Pu100402)

Pu10040 = 45.4kN Pu10040

— =050
Wzm + me

riod of pier, 2% damp)
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Appendix D - Viscous Damper
Calculations

Maximum Diagonal Member Axial Force

Pu10040
1.33

2-cos(e 1m)

PdEQ = PdeQ = 20.586 kN

Pudiag = PdEQ + PpreD Pprep = 17.8kN

Maximum Pier Leg Axial Force:

100-40 Directional and SRSS Modal Combination Rules:

PuLl = (Wzm + C'Voa + C'Voxa + C'Voya) + 0.4'mzm'SaV

2 2
Mzm-KL W,
10 ( /mT] a2

2
3-Wyznm o a o
+ 2 +{CVp +CVox +CVgy '(Rdv - 1)

PuL1 = 313.5kN

PuL2 = (Wzm + C'Voa + C'Voxa + C'Voya) + 1.0'mzm'SaV

2 2
’ Mzm-KLm Wzm
+04 [|vg |—m—m | +|(RgL — 1)
2
3-Wzm a a o
+ 2 +\CVo +CVox + CVoy '(Rdv - 1)

PuL2 = 389.7 kN

PuL = maX(PuLla Pul_z)

PuL = 389.7kN
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